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Abstract
Cryptosporidium is a protozoan parasite causing cryptosporidiosis; a diarrheal 
disease of varying severity. The infection is transmitted by tiny spores called oocysts 
resistant to harsh environmental conditions and various disinfectants. Cryptosporidium 
infection and recovery from the illness is dependent on the body’s immune system. It 
is important to be able to detect these parasites quickly to reduce the risk of infection. 
Multiple-angle light scattering systems have been developed for detecting 
Cryptosporidium oocysts suspended in water. The proposed systems were set up with a 
single wavelength (red AlGalnP laser: 658.4 nm) and two wavelength (violet InGaN 
laser: 405.7 nm and red AlGalnP laser: 658.4 nm) sources. The single wavelength 
system was developed for measuring particle concentration and particle size and 
refractive index. It combined multiple-angle scattering detection, to collect angle- 
resolved scattered intensities from suspensions, and the partial least square regression 
method (PLS-R) to predict characterizing information of samples under investigation 
based on calibration models. The calibration models were composed from the 
calibration data generated from the experiments for particle concentration 
measurement and according to Mie theory with refraction and transmission corrections 
included for particles’ size and refractive index measurements. The dual wavelength 
system was set up for particle identification by using relative wavelength scattered 
intensity as the identifying means. Measurement of particle concentration, size and 
refractive index by the single multiple angle light scattering system was validated 
using polystyrene spheres in aqueous suspensions. Applying the systems to 
Cryptosporidium oocyst suspensions, the concentration measurement results had 
lowest errors from the references 9.5 % at concentration of 2.00x10^ oocysts/ml in 
mono-dispersion and 3.6 % at concentration of 7.50x10^ oocysts/ml for 
Cryptosporidium and mixed suspensions with polystyrene sphere suspensions. The 
measured Cryptosporidium oocysts’ size and refractive index were 4.37 ±0.16 pm and 
1.38 ±0.05 which also had good agreement to the reference value (size: 4.38 ± 0.23 
pm, refractive index: 1.37). The dual wavelength multiple-angle light scattering system 
collected the relative wavelength scattered intensities from suspensions of the 
Cryptosporidium oocysts comparing to polystyrene spheres and E.coli. The relative 
wavelength multiple-angle scattered intensity of Cryptosporidium oocysts suspension 
showed a characteristic scattering pattern and significantly different pattern from the 
polystyrene spheres and bacteria E.coli. The results presented in this research have 
demonstrated that the proposed multiple-angle light scattering systems have the 
capability to initially detect Cryptosporidium oocysts in suspension. These systems 
could be further developed for online Cryptosporidium detection by combination with 
pattern recognition techniques.
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INTRODUCTION
1.1 INTRODUCTION
Contamination of water with pathogenic microorganisms, such as from human 
and animal faeces, is reported to be responsible for between two and five million 
deaths per year, many of them children under the age of five. All of the main groups of 
microorganisms - viruses, bacteria and protozoa - contain pathogens that can be 
transmitted in water. Many of these pathogens can be spread through drinking- water, 
contaminated food, and also can infect directly by contact with people who are sick, 
with animals, and swimming in contaminated pools. Viruses are the smallest of all the 
known water-related pathogens. They generally have a simple morphology and range 
in size between 0.02 and 0.3 pm. More than 100 types of human and animal enteric 
viruses have been shown to be transmitted by water, including enterovirus, rotavirus 
and norovirus. Bacteria typically range in size between 0.5 and 2 pm. They can be 
found in water in large numbers. Numerous bacterial pathogens can be transmitted by 
water, for example Vibrio cholerae, Salmonella spp, Campylobacter spp. Shigella spp, 
and Staphylococcus aureus. Protozoa are single-celled eukaryotes. They range in size 
from 2 to70 pm. Protozoan waterborne pathogens include the amoebae Naeglaria 
fowleri and Entamoeba hystolitica, and Giardia and Cryptosporidium [1].
Cryptosporidium parvum is an enteric protozoan that is considered to be the 
most important of the protozoa pathogens in water quality testing. In the early 1990’s, 
Cryptosporidium was identified as the cause of a major outbreak of waterborne 
disease in Milwaukee, USA. During the course of the outbreak, approximately 8,000 
people were hospitalised and nearly 100 HIV positive people died. In the mid 1990s a 
large outbreak of cryptosporidiosis was linked to contaminated swimming pools in 
Sydney. In 1997-98 several more large outbreaks on the east coast of New South 
Wales (NSW), including Sydney, were traced to multiple contaminated swimming
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pools. In 1997 there were 159 cases of cryptosporidiosis notified in NSW and in 1998 
there were 1,085 cases notified [2].
Cryptosporidium is a serious threat to human health due to the widespread 
distribution of the organism in the environment. During the replication cycle, 
Cryptosporidium produces thick-walled oocysts that survive for long periods in the 
environment and are highly resistant to the chlorine disinfectants that are widely used 
for the treatment of drinking-water and recreational water. No effective drug treatment 
has been described for cryptosporidiosis, with recovery being dependent on the patient 
mounting an effective immune response to the infection. It is therefore important to 
be able to detect these parasites quickly, so that remedial action can be taken to reduce 
the risk of infection.
Therefore, this research aims to develop a system to detect microorganism 
suspended in water focusing on Cryptosporidium.
1.2 CRYPTOSPORIDIUM
1.2.1 Description
Cryptosporidium is a small coccidial protozoan parasite that infects the 
microvillous region of epithelial cells in the digestive and respiratory tract of 
vertebrates. It causes an unpleasant illness called cryptosporidiosis. Infection is 
transmitted by tiny spore or egg-like cells called oocysts.[3] These oocysts are small, 
roughly spherical in shape and about 4 to 6 pm in diameter as shown in figure 1.1.
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Figure 1.1 Coloured scanning electron micrograph of the surface of the small intestine 
infected with Cryptosporidium parvum [4].
The symptoms of cryptosporidiosis are diarrhoea, mild abdominal pain, nausea 
and vomiting, mild fever and fatigue. The incubation period of the disease is between 
4 and 28 days. No drug has been shown to be effective against cryptosporidiosis. For 
most healthy individuals cryptosporidiosis is an unpleasant, but self-limiting infection; 
however, for those people with an impaired immune system, such as the very young, 
the elderly, AIDS sufferers and those on immuno-suppressant drugs, the disease is 
extremely serious and is often fatal [3,5,6].
Cryptosporidium is an obligate intracellular parasite of man and other 
mammals, birds, reptiles and fish, which means that part of its replication cycle takes 
place in the host. It is principally an infection of new born and young animals, except 
in man where it can readily infect all ages. Oocysts are excreted in the faeces of 
infected animals, including humans, and can remain viable in the environment for 
extended periods of time due to their resistance to harsh environmental conditions, 
various disinfectants and some treatment practices [3, 7]. Infection occurs either by 
animal-person contact, by ingestion of contaminated food and drink, or by inhalation 
of droplets contaminated with oocysts [7].
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1.2.2 The life cycle of Cryptosporidium
OThick-walled A o o c y s t 0 Trophozoite
oocyst (spo rotated) ^
exits host
Type I Meront
tl7>n Auto-infection
Asexual Cycle
o
Thin-walled 
#  oocyst 
/  (sporulated)
Merozoite
Microgamcnt
Microgametes
Undifferentiated 
Gamont
Macrogamont
ly ^ ^ J y p e  II Meront 
Merozoites
Sexual Cycle
Zygote
o
Figure 1.2 Illustrating diagram of life cycle of Cryptosporidium [8]
The life cycle of Cryptosporidium is very complex and consists of a number of 
stages which can take between 1 and 8 days to complete. The cycle is repeated 
continually so that the host re-infects itself. When the oocyst (a) is ingested by a new 
host, the suture in the oocyst wall opens (excystation), triggered by the body 
temperature and the interaction with stomach acid and bile salts. Four motile 
sporozoites (b) are released which attach to the lining of the small intestine o f the host. 
They infect the epithelial cells of the small intestine, mainly in the jejunum and ileum. 
The sporozoite then enters a surface cell and develops into a spherical trophozoite (c) 
which subdivides forming a meront (asexual (d and e) and sexual (f) reproduction 
cycle) which eventually releases merozoites. These then form either macrogametes (h) 
or microgametes(g); the microgametes fertilise the macrogametes which become 
zygotes (i) that develop to form the thick (j) and thin walled (k) oocysts. The thin- 
walled oocysts may excyst within the same host and start a new life-cycle, while the 
thick-walled oocysts are excreted in the faeces. These oocysts are immediately 
infectious and may remain in the environment for long periods of time without losing 
their infectivity [3, 7].
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1.2.3 Cryptosporidium detection methods
The importance of Cryptosporidium as a human pathogen, its widespread 
distribution, and its resistance to environmental stress has led to the requirement for 
regular monitoring of Cryptosporidium oocysts in source water. The identification 
method of Cryptosporidium oocysts in environmental samples is usually made using 
the U.S. Environmental Protection Agency method 1622 (for Cryptosporidium) or 
1623 (for both Cryptosporidium and giardia) [9,10]. These involve the concentration of  
oocysts by filtration, isolation of oocysts by immunomagnetic separation (IMS), 
staining of recovered oocysts with a fluorescent antibody and microscopic detection 
and enumeration of the stained oocysts [II]. The method has been evaluated 
extensively with water samples seeded with known numbers of oocysts [12,13,14,15]. 
Genetic methods have also been developed for detecting Cryptosporidium, including 
the polymerase chain reaction (PCR) [16,17], reverse transcription PCR [18], 
fluorescent in situ hybridization (FISH) [19] and tissue culture infectivity [20]. 
Nevertheless, most laboratories continue to rely on immunofluorescence techniques. 
These procedures involve the incubation of samples with a fluorescein isothiocyanate 
conjugated monoclonal antibody specific for Cryptosporidium followed by 
examination of the sample using epifluorescence microscopy [21,22].
1.3 OPTICAL TECHNIQUES FOR PARTICLE DETECTION
Optical methods are widely used to determine physical properties of particles 
because they are usually non-invasive. The techniques available may be classified in 
terms of the ratio of the particle size to the wavelength of the illuminating light, 
expressed through the particle size parameter, x = jiD/l, where D is the particle 
diameter and X is the wavelength. Particles larger than 10 pm (x ~ 50) can be 
photographed directly using a light microscope; however, for smaller particles, greater 
magnification is required and it is necessary to use the more powerful Scanning 
Electron Microscope (SEM). These above methods have the advantage that the image 
can be seen and the size, shape, and other physical characteristics can be obtained 
directly. However, these techniques can be very time-consuming, costly and requires 
expertise to use. An alternative way to analyze particles is to use light scattering
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methods. In principle, these methods can be applied to any particle size depending on 
the technique employed, and the analysis can be automated and rapid. However, the 
analysis is indirect and relies upon a suitable theory to interpret the observations [23].
Light scattering is a well-established and widespread method for particle 
characterisation (eg. particle size, refractive index and concentration). Based on 
different physical principles, a variety of light scattering techniques have been 
developed. There are basic distinctions between methods for individual particle 
analysis and methods for analysing simultaneously a large number of particles, or 
ensemble analysis [24]. Examples of the individual analysing method are phase 
Doppler anemometry [25], which takes measurements, including optical resonances, 
of the phase function of single particles in an air stream [26, 27, 28]. Ensemble 
methods can be divided into dynamic [29,30] and static light scattering methods. The 
static light scattering method may be divided into three categories: methods based on 
the measurement of the extinction, either with a single wavelength [31, 32] or using 
white light and spectral analysis [33, 34]; the method of light scattering spectroscopy 
[35, 36]; and the measurements based on the measurement of the phase function 
[37,38,39,40]. Of all these methods, the phase function measurement is conceptually 
simpler, although its operation is not always straightforward.
In addition, light scattering techniques have also been used to study biological 
cells. In flow cytometry, light scattered into forward angles was first used to measure 
cell size and to distinguish different cell types [41,42]. Optical transmission 
measurements of isolated mitochondria have been used as a tool in biology and 
biochemistry to quantify mitochondria [43, 44]. Light scattering spectroscopy has been 
used to measure nuclear size distributions in sub-cellular structures [45]. There have 
also been several reports of light scattering measurements being used in vitro to study 
sub-cellular morphology in intact cells [46,47,48,49,50].
1.4 RESEARCH OBJECTIVES
Light scattering techniques have several advantages over the current methods: they are 
easy to perform; low maintenance; non-invasive; and they have the potential for real-time 
detection. Therefore, the aim of this study is to develop a compact laser scattering system for 
the detection of Cryptosporidium oocysts suspended in water. The system is designed to be
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simple, portable, and inexpensive. It uses low power diode lasers as the light sources. Si 
photodiodes for detection, and optical components, all of which are readily available. The 
designed system will use phase function measurements of the static light scattering for 
predicting the particle properties. The research objectives were:
(i) To determine particle concentrations of particles suspended in water
either as mono-disperse or poly-disperse systems.
(ii) To measure the refractive index and size of particles suspended in the
water.
(iii) To use the relative wavelength scattering pattern to distinguish different
particles.
(iv) To identify Cryptosporidium oocysts suspended in water based on their
physical and optical properties.
1.5 OVERVIEW OF THE THESIS
Clearly, the above aim and objectives have a direct influence on the way the 
research is performed and, hence, the structure of this thesis. The following 
description gives the outline of the thesis.
In the next chapter, light scattering theories for particles are reviewed. The 
basic scattering problem and solutions to the scattering problem using the Rayleigh 
and Mie theories are introduced.
In Chapter 3, the experimental set up for measuring angularly resolved light 
scattering and the analysis method for inverting the data are introduced. Details of the 
experimental apparatus are described, including the experimental set up and operation 
of a single multi-angle light scattering system and a dual wavelength multi-angle light 
scattering system. Finally, the method used to analyse the angularly resolved light 
scattering data is discussed.
Chapter 4 presents the particle concentration measurements using single 
wavelength multi-angle light scattering. The method is to collect the scattered 
intensities in multiple angles from calibration samples with known concentration to 
generate calibration models and predict the concentration of the investigated sample 
based on the calibration models. The generated calibration models are described. The
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results of particle concentration measurements for particles in mono-dispersed and 
poly-dispersed polystyrene spheres of I.l pm and 3.0 pm diameters suspended in 
water are presented.
In Chapter 5, particle size and refractive index measurement using single 
wavelength multi-angle light scattering are reported. The generation of theoretical 
light scattering from the particles is presented. The mathematical algorithms to correct 
the factors from the experimental set up using Snell’s law and Fresnel transmission to 
the theoretical data are also presented. Methods of generation of calibration models 
and prediction method are also presented. In the final section of Chapter 5, the 
measurement results of the size and refractive index of polystyrene spheres of 1.1 pm 
and 3.0 pm diameters is reported.
In Chapter 6 , a dual wavelength multi-angle light scattering system for particle 
classification is presented. The system used red (long wavelength) and violet (short 
wavelength) diodes lasers as light sources. The relationship between particle size, 
refractive index, illuminating wavelength and scattering pattern are investigated using 
simulation method. The result of comparing the measurement of particle concentration 
of size of 0.1pm and 0.3 pm for each wavelength is reported. The use of relative red to 
violet wavelength scattering pattern as a means of particle identification for 
polystyrene spheres of 0.1pm, 0.3 pm, 1.1 pm, 3.0 pm diameters and bacteria E.coli 
is also presented.
In Chapter 7, the prototype optical systems are applied to the measurement of 
Cryptosporidium oocysts suspended in water. The application of the proposed set up to 
the quantification of Cryptosporidium oocysts in a mono-dispersed system, as well as 
in a mixture of Cryptosporidium oocysts and polystyrenes spheres is demonstrated. 
The measurements of size and refractive index of Cryptosporidium are also presented. 
In the last section of this chapter the capacity of the system to distinguish between 
Cryptosporidium oocysts and other particles, such as polystyrene spheres of diameters 
0.1 pm, 0.3 pm, 1.1 pm, 3.0 pm and E.coli, using the relative wavelength scattering 
pattern is described.
Finally, in Chapter 8 all the results of this research are summarised. 
Suggestions for further improvements to the system are also made.
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CHAPTER 2
THEORETICAL BACKGROUND
2.1 NATURE OF LIGHT
Light is a transverse, electromagnetic wave. Its frequency range is from 10^^Hz 
(infrared) to 10^  ^Hz (ultraviolet) which corresponds to the wavelength range from 3 
nm to 30,000 nm. The conversion between frequency (v ) and wavelength ( X) of light 
can be made using the speed of light ( c = 3 x 10^  m/s in vacuum) as equation 2.1.
c = Xv  (2 .1)
The human eye is sensitive to a narrow band of electromagnetic radiation called 
visible light. The wavelength of the visible light is between -400 nm (violet) and 
-700 nm (red) [51].
The earliest scientific theories of the nature of light were proposed around the 
end of the 17th century. Sir Isaac Newton discovered the visible spectrum in 1666, and 
proposed that light is composed of tiny particles emitted by luminous bodies. By 
combining this corpuscular theory of light with his laws of mechanics, he was able to 
explain many optical phenomena. In 1690, Christian Huygens proposed a theory that 
explained light as a wave phenomenon. The important experiments on the diffraction 
and interference of light were presented by Thomas Young (1801) and A. J. Fresnel 
(1814-1815). Their results could only be explained in terms of the wave theory. The 
wave theory received additional support from the electromagnetic theory of James 
Clerk Maxwell (1864), who showed that electric and magnetic fields were propagated 
together and that their speed was identical with the speed of light. Maxwell's theory 
was confirmed experimentally with the discovery of radio waves by Heinrich Hertz in 
1886 [52, 53].
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However, two general problems remained with the electromagnetic theory of 
light The first concerned the ether, a hypothetical medium suggested as the carrier of 
light waves. The ether was assumed to have some very unusual properties, e.g., being 
massless but having high elasticity. In 1881 A. A. Michelson and in 1887 E. W. 
Morley did experiments to disprove the hypothesis of the ether. In 1905, Albert 
Einstein published the special theory of relativity, which confirmed that the concept of 
the ether was unnecessary to the electromagnetic theory of light. Moreover, there were 
other phenomena, such as the photoelectric effect, which involved the interaction of 
light with matter, which could not be explained using electromagnetic theory. The 
solution to the problem was also proposed by Einstein, in 1905. He suggested that 
light, and other forms of electromagnetic radiation, travel as tiny bundles of energy 
called light quanta, or photons. The energy of each photon is directly proportional to 
its frequency. With the development of the quantum theory of atomic and molecular 
structure in 1924, Louis de Broglie showed that moving particles have certain 
wavelike properties that govern their motion, so that there exists a complementarity 
between particles and waves known as particle-wave duality. The quantum theory of 
light has successfully explained all aspects of the behaviour of light [53, 54].
Like all electromagnetic waves, light can travel through a vacuum. When a 
light beam interacts with matter having a dielectric constant different from unity, light 
will be absorbed, scattered, or both depending on the wavelength of light and optical 
properties of the material. The net result of the absorption and scattering caused by 
the material is known as the extinction of incident light
Extinction = Absorption + Scattering (2.2)
When light interacts with a particle, electrons in the particle re-radiate light 
(scattering). The absorbed light energy becomes the excitation energy of the particle 
that is then dissipated. This occurs mostly through thermal degradation (i.e., 
converted to heat) or by radiative decay, producing fluorescence or phosphoresecence 
depending on the electronic structure of material. Many materials exhibit strong 
absorption in the infrared and ultraviolet regions which greatly reduces the scattering
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intensity; therefore light scattering measurements are usually performed using visible 
light [5].
2.2 LIGHT SCATTERING
Light scattering has been used as a tool in many branches of material studies. 
There are many ways to use light scattering phenomena to study the properties of 
materials. Each has its own terminology, expertise, application, and systems of 
measurement, and each involves different disciplines in the physical science. 
Depending on whether the frequency of scattered light to be detected is the same as 
that of incident light, a light scattering experiment can be described as elastic (ELS), 
quasi-elastic (QELS), or inelastic (lELS) light scattering [56]. In ELS, the scattering 
signal to be detected is the time-averaged light intensity, and its frequency deviation 
from the incident light is often not measured. The intensity of scattered light is a 
function of the optical properties of the particles and the medium, the dimension and 
mass of the particles, sample concentration, and observation angle and distance. 
Information about the particles is obtained through their static status in an ELS 
measurement. Examples of techniques using ELS are Static light scattering (SLS) 
[57,58,59,60], Optical particle counting [61,62], Flow cytometry [63,64,65] and 
Turbidimetry [66,67].
In QELS, the frequency of the light to be detected is different by a few Hz to a 
few hundred Hz from that of the incident light. The frequency difference comes from 
the translational and rotational motion of the particle and its value is directly 
proportional to the particles’ motion. QELS is often used to study the motion of 
particles. Additional information about the particles may also be gained by the 
measurement of their motion using techniques such as Proton correlation 
spectroscopy (PCS) or Dynamic light scattering (DLS) [68,69,70] and Phase Doppler 
techniques [71,72].
In lELS, the frequency of the scattered light differs by an amount much larger 
than a few hundred Hz from that of the incident light due to the involvement of other 
forms of energy, such as the vibrational and rotational energy of scatterers in Raman 
scattering. lELS scattering signals are extremely weak for scatterers of large mass 
when compared to signals from ELS or QELS. lELS is often used in the structural
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study of molecules and liquids, for example Raman correlation spectroscopy (RCS) 
[73, 74].
In this chapter the scattering theories used to characterize a broad range of air­
borne and liquid-borne particulate materials will be reviewed.
2.2.1 Rayleigh Scattering
When particles are very small compared with the wavelength of the incident 
light, the particles can be considered to be opaque points that light is not able to 
penetrate. Consider the example in figure 2.1 where the polarized light along the z axis 
scatters off a small particle.
Incident light
Scattered
light
Figure 2.1 Observation direction for plane polarized light along z axis scattering off a 
small particle at the origin in a direction that makes an angle 6^ with respect to the z 
axis. The observation distance is R.
An electromagnetic field of the incident light is time dependent and described by:
= Eo, cos Inct
~T ~
(2.3)
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where Eo is the amplitude of the electric field, c is the speed of light, and X is the 
wavelength of light. If the scattering particle is polarizable, the incident electric field 
will induce a dipole moment in that particle. The magnitude of the dipole moment is 
proportional to the field. The proportionality constant is called the polarizability (a) .  
The polarizability is dependent on the properties of the particle: the higher a particle’s 
polarizability, the higher will be the magnitude of the dipole moment induced by a 
given electromagnetic field. The dipole moment is defined by equation 2.4. [75] [76]
p  =  aE ^  =  œE q^  c o s
2 7 tc t \ (2.4)
The induced dipole moment will radiate light in all directions. The radiated or 
scattered light is observed at a distance R from the origin along a line that makes an 
angle ^w ith  the z axis as shown in figure 2.1. The scattered field will be proportional
to
dt^
. The second derivative of p is the acceleration of the charge on the
dipole moment. To include spatial effects, the scattered light is also proportional to 
^ a n d  to sin^^ (the projection of the dipole moment in the observation direction).
Combining all these effects, the electric field of light scattered in the 6  ^ direction {Es^ 
becomes
1 1 d^p  1 • /d ^ iTTCt
~ T
(2.5)
Thus, the scattered light intensity at R and^^
(2.6)
where Iq. is the intensity of the z polarized incident light, which is equal to E,Oz
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Similarly, the intensity of the polarized incident light along the y axis can be 
expressed by
(2.7)
where loy is the intensity of the y  polarized incident light, which is equal to Ely
The scattered light is usually considered in terms of the polarization state with respect 
to the scattering plane (in this case the xy plane). The observation direction makes an 
angle with the x axis ( ^  ) as shown in figure 2 .2 .
Incident light, It
Scattered light, I
Figure 2.2 Scattering of unpolarized light in the direction that makes an angle 6 with 
respect to the x axis
Using the relation 0 y = 9 0 - 0 , the intensity of the scattered polarized light parallel to 
the scattering plane {In ) becomes
4  = « " 4 ^ ^ j - c o s ' 6I (2.8)
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As the scattering is observed in the xy plane {0^= 90° ), the intensity of the scattered 
polarized light perpendicular to the scattering plane { I will be
(2.9)
The equation can account for unpolarized incident light, such as natural incident light, 
by summing the intensity of equal parts of the incident light polarized in both the z 
direction and the y direction. The incident intensity becomes
h - —[ h y ^ h z )  (2 .10)
and the intensity of scattered light becomes
+ (2.11)
The light intensity depends on the scattering angle of scattered polarized light parallel 
or perpendicular to the scattering plane as defined by equations 2.8  and 2.9 
respectively and by equation 2.11 for unpolarized light. Using these equations, the 
scattered light intensity as a function of scattering angle for each polarization type of 
scattered light was simulated via a computer program called Mieplot [77]. Simulations 
were performed using a spherical particle with a diameter of 20  nm which considered 
being in Rayleigh regime and a refractive index of 1.59, suspended in water with 
refractive index of 1.33. The wavelengths of the incident light were 405.7 nm (violet 
light) and 658.4 nm (red light). The graphs of relative scattered light intensities to 
incident light intensities and scattering angles for polarized light parallel and 
perpendicular to the scattering plane, and unpolarized light, are presented in figures 
2.3-2.5 respectively.
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Figure 2.3 Diagram of the Rayleigh scattering calculation for the scattered red and 
violet polarized light parallel to the scattering plane
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Figure 2.4 Diagram of the Rayleigh scattering calculation for the scattered red and 
violet polarized light perpendicular to the scattering plane
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Figure 2.5 Diagram of the Rayleigh scattering calculation for the scattered red and 
violet unpolarized light.
The maximum scattering intensity of the parallel polarized light to the scattering plane 
and unpolarized light are at ^ = 0 ° (forward scattering) and ^ = 180° (backward 
scattering) and at ^ = 90° for minimum scattering intensities. The scattering intensity 
for forward scattering is equal to the intensity for back scattering at the corresponding 
angle. In the case of Rayleigh scattering, where the scattering particle is much smaller 
than the wavelength of incident light, equations 2.8, 2.9 and 2.11, and figures 2.3-2.5, 
show that the scattered intensity is inversely proportional to the fourth power of the 
wavelength. Therefore, the scattered intensity of the shorter the wavelength is 
stronger than that of the longer wavelength.
oc (2 .12)
This relationship between wavelength and scattering is the reason that the sky is bluest 
at midday and is red at sunrise and sunset. It is also applied to design light
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wavelengths of traffic stop lights because the red light has the least scattering power in 
the visible light in aero suspension.
2.2.2 Mie theory
The theory of scattering for spheres of arbitrary size was formulated by 
Gustave Mie [57]. The Mie theory describes the general form of a scattering matrix 
S{(l),6) (where (j) and 6 are the azimuthal angles in spherical coordinates) for a 
scattering system of spheres, giving the solutions to the Maxwell equations inside and 
outside of the scattering particle. The solutions were solved by satisfying the boundary 
conditions due to the optical continuity at the edge of each particle [67, 76]
Consider a particle of specified size, shape and optical properties that is 
illuminated by plane polarized light as shown in figure 2.6. The vector field function 
of the incident ( E i, Hi) can be written as
Ei (r,t) = Eo exp (/(k.r-nX)) 
Hi (r,t) = Hq exp (/(k.r-n;t))
(2.13)
(2.14)
Where E and H are electric and magnetic fields, respectively, k is the wave vector and 
CO is the frequency of the wave.
Figure 2.6 Schematic of wave (E i, Hi) incident on a particle of radius R causing a 
field (El , Hi) inside the particle and scattered field (Eg, Hg) in medium surrounding 
the particle
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These fields must obey the following Maxwell equations
V -E  = 0 (2.15)
V -H  = 0 (2.16)
V x E  = icDjiM. (2.17)
V x H  = -icûÆ  (2.18)
Where s and p are the electric and magnetic permeability of the material. From taking 
the curl of equation 2.17 and 2.18 and using equations 2.15 and 2.16 and the vector 
identity as equation 2.19.
V x (V x X )  = V (V -X )-V -(V X ) (2.19)
We obtain
V^E +k^E = 0 (2.20)
V^H+k^H = 0 (2.21)
where k = m  sfi = {na/c) , and where n is the refractive index.
At the particle-medium interface, the tangential components of the fields are 
continuous as defined by the following equations;
[E2(R )-E i(R )]x  « = 0 (2.22)
[H2(R )-H i(R )]x  « = 0 (2.23)
where R is radius of particle, and « is a unit vector normal to the surface
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Figure 2.7 Scattering diagram by a particle.
Consider a particle that is illuminated by a plane wave as shown in figure 2.7. The 
components of the incident electric field that are parallel (E//,) and perpendicular (Eü ) 
to the plane of scattering can be expressed as components of electric fields along the x 
axis (Exi) and y axis (Eyi) as per equations 2.24 and 2.25.
E//i = cos ^  Exi + sin^Eyi 
Eli ^  sin^Exi - cos^ Eyi
(2.24)
(2.25)
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Further from the scattering particle, the scattered electric field is in the direction of 
some vector (A) perpendicular to the r direction. The scattered electric field Es is 
approximately transverse ( f  • Es =0) and has the asymptotic form as;
Jkr
Es
- ik r
(2.26)
where f - A = 0 .
From the figure 2.7 the scattered fields can be written in terms of the unit vectors e,i^  
and (equation 2.27).
(2.27)
Due to the linearity of Maxwell’s equations (equation 2.15-2.18) and the boundary 
conditions (2.22 and 2.23), the scattered field can be written in terms of the incident 
field in matrix form as;
^ i k { r - z )
yEjj y - ik r 1^4
(2.28)
where the matrix element Sj(j=l,2,3,4) depends on the scattering angle 6 and 
azimuthal angle (j) , and contains information about the particle’s size and shape, and 
the refractive index of the particle and the medium. For the spherical particle, the 
scattering matrix depends only on 0, and 83(6 ) = 84(8 ) = 0 and 81(8 ) and82(8 ) can be 
expressed as equation 2.29 and 2.38, respectively.
■5, (é>) = i  (cos é»)+ è„r„ (cos 6>)]
«=1 n\n + 1)
Si{9)=  (cos e)+b„n„ (cos ^ )]
n=\n\n + \)
(2.29)
(2.30)
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where the angular functions are
;r„(cosé>)='^ ” (2.31)
sin6'
2-„(co s6i)  =  - ^ P „ ' ( c o s6') (2 .3 2 )
and PI is the associated Legendre function of the first kind and the parameters and 
A are defined as
f‘d ^ y ( y ) - ¥ „ ( p x y X ^ )
The size parameter x is defined as
where a is the particle’s size, A^is the incident wavelength in a vacuum, ja and//g 
represent the refractive indices of the particle and surrounding medium, respectively. 
The Ricatti-Bessel function if/ and ^  are defined in terms of the half integer order
Bessel function of the first kind, J„+xn (^), where
I
Where is defined in terms of the half integer order Bessel function of the second
kind,
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2
TlX 12
(2.38)
From equations 2.24, 2.25 and 2.28, the scattered field can be rewritten as
E„ = E , =  -E ,„  cosflS', {O)
kr
E ^ = E ,= E ,^ I~ e '^ * ““ sm,l>S,{e)
kr
(2.39)
(2.40)
The corresponding intensities are
1 -^XO = ^ x o t 4 t -/ ,  = / , 4;r r ‘
I  - 1  _A _
A n V
4;r r '
q sin^ (j)
//O . 2 2 2^ ^4;t r
(2.41)
(2.42)
where q and are the intensity functions given by
h — É 4 ^  k ^ »  (cos d)+b„T„ (cos 5>)] n[n+\)
É  (cos 6>)+b„7i„ (cos g)l
„.,«(«+ 1) 1
(2.43)
(2.44)
When the incident electric vector is perpendicular ((  ^= 90°) and parallel (^  = 0°) to 
the scattering plane, the scattered intensities become;
hi = 1.
A"
(2.45)
(2.46)
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For unpolarized incident light the scattering intensity is
A"
-  h (/] + /2 ) (2.46)
The light scattering patterns (figure 2.8) depict the behaviours of Mie scattering for 
spherical particles for a range of conditions, including angular dependence and size 
dependence.
Particle size: 0.02 |.im 
Particle size: 0.2 |.im 
Particle size: 2.0 |.im
0 6020 40 80 100 120 140 160 180
Scattering angle (degrees)
Figure 2.8 Plot of the scattering as a function of scattering angles
Figure 2.8 compares scattering as a function of the scattering angle for three particle 
sizes calculated by Mie theory and the Rayleigh theory. The simulation plots were 
performed using spherical particles of 0 .0 2 , 0.2 and 2.0  pm with a refractive index of 
1.59 as the scatterers and red light at 658.4 nm wavelength as an incident light. The 
smallest particle size of 0.02 pm is well within the Rayleigh regime, and therefore the 
angular dependence is negligible. The 0.2 pm particle is departing from the Rayleigh 
regime, and therefore displays some angular variation, with forward scattering 
beginning to emerge. The 2.0 pm particle is clearly in the Mie regime, where forward 
scattering dominates. However, note the strong ripple structure as a function of 
scattering angle. This is characteristic of Mie scattering, and is due to the complex
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interactions of scattered and refracted rays that result in constructive and destructive 
interference along different paths. Note also the scale factors in the 0.02 pm and 
2 .0pm particle plots: the scattered intensity varies by more than 10 orders of 
magnitude for the two-orders of magnitude variation in particle size.
In this study the particles being analysed are Cryptosporidium oocysts. The 
Cryptosporidium oocysts are spherical with a diameter of between 4 and 6 pm. These 
properties suggest that the particle scattering can be considered in Mie regime. The 
scattering pattern from particles in this region is strongly dependent on the scattering 
angle as shown in figure 2.8. Therefore, the set up presented in this research mainly 
considered angle-dependent scattering.
2.3 SUMMARY
The theories of light scattering were reviewed in this chapter. Light is a 
transverse electromagnetic wave. It has a particle-wave duality that can be explained 
by electromagnetic theory and quantum theory. Light is absorbed, scattered, or both 
when it illuminates a particle having a dielectric constant different from unity. Light 
scattering has been used to study many branches of materials. Depending on the 
frequency of the scattered light being detected is the same as that of incident light; a 
light scattering experiment can be described as elastic, quasi-elastic or inelastic light 
scattering. The elastic light scattering is frequently applied as it is easy to perform. Its 
scattering signal to be detected is the time averaged light intensity and its frequency 
deviation is not considered. The main theories of the elastic light scattering theories 
were proposed by Rayleigh and Mie. The Rayleigh theory is the scattering theory 
applied to spherical particles much smaller than wavelength of the light. The scattered 
intensity is inversely proportional to the power of four of the wavelength. Mie theory 
is the rigorous light scattering theory for spheres of arbitrary size. It is formulated 
from the solutions of the Maxwell equations inside and outside of the scattering 
particle which satisfy the boundary conditions due to the optical continuity at the edge 
of each particle. As the particles being analysed, Cryptosporidium oocysts, have 
spherical shape with diameter of 4 to 6 pm which are in the Mie regime, the Mie 
theory will be used through out this research.
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CHAPTERS
EXPERIMENTAL METHODOLOGY & DEVELOPMENT
3.1 INTRODUCTION
As the review of static light scattering theory presented in Chapter 2 has 
shown, when light interacts with a particle in suspension the scattered signal is a 
function of the properties of scattering particle and the illuminating light. Therefore, 
light scattering measurements can be used to determine the particle’s properties. This 
research uses these advantages to develop light scattering systems for measuring 
particle properties (size, refractive index and concentration) and identifying 
microorganisms in water, focusing on Cryptosporidium.
The proposed systems were developed using single and dual wavelength 
multiple-angle light scattering techniques. The single wavelength multiple-angle light 
scattering system was used for particle concentration measurements in both mono­
dispersed and poly-dispersed systems (chapter 4) and particle size and relative 
refractive index measurements (chapter 5). The dual wavelength, multiple-angle light 
scattering system was used to measure the relative wavelength scattering patterns from 
particles in suspensions as a means of identifying particles (chapter 6). Both of the 
proposed systems were used to determine concentration, size and refractive index of 
Cryptosporidium oocysts and to identify Cryptosporidium suspended in water (chapter
V).
The light-scattering devices were designed to be simple and inexpensive. Low 
cost diode lasers were used as light sources. The detection systems were produced 
using Si photodiodes with buffer circuits.
In this chapter the details of experimental methodology will be presented. The 
details of the apparatus design, its characteristics, and the measurement methods will 
be described in the first section, together with the experimental set up and operation of 
the multiple angle light scattering systems with both single and dual wavelengths. The
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details of the operation of each scattering system, including the controlling program, 
will be described in this section. In the last section in this chapter, the data analysis 
method used to obtain the particle properties (size, refractive index and concentration) 
will be presented.
3.2 EXPERIMENTAL SET UP
3.2.1 Experimental apparatus
A. Light source systems
Diode lasers (AlGalnP and InGaN based lasers) were used as the light sources. 
The AlGalnP laser emits light in the red wavelength range while the InGaN laser emits 
light in the violet wavelength range. The diode lasers were controlled using source 
meter units (KEITHLEY 2420). The temperature of the lasers was controlled by 
attaching them to temperature stabilized mounts which were developed by the author. 
The laser mount and temperature control system is shown in figure 3.1. The 
temperature stabilized laser mount includes a peltier thermoelectric (cooler/heater) 
device to transfer heat from the laser. The laser was in contact with one side of the 
peltier; the other side of the peltier was in contact with a heat sink. The heat sink, 
which is a passive component, dissipates heat into the surrounding air. A thermistor, 
whose resistance varies significantly with temperature, was used to detect the 
temperature of the laser. The complete temperature stabilized laser mount was 
connected to a temperature controller (LDT-5910B) to control the temperature of the 
laser. To avoid fluctuation of the laser temperature, and over working of the 
temperature controller, the temperature of the laser was set at 20 °C throughout the 
experimental procedures.
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Laser mount 
Diode laser
Thermistor
Peltier
Heat sink
Figure 3.1 Temperature stabilized laser mount shown from the front (upper) and side 
(lower). It consists of a laser mount holding the laser, a thermistor for detecting the 
laser temperature, a pettier for transfering heat out of the laser and a heat sink for 
dissipating heat from the laser into the surrounding air.
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After they had been assembled the light souree systems were tested. The data 
was used to inform the setting up of the seattering system and simulation method. The 
speetra of the diode lasers were measured using an optical spectrum analyzer (AQ 
6315 A). The design of the set-up of spectrum measurement is shown in figure 3.2. The 
diode lasers were set at a temperature of 20 °C and driving current of 46.5 mA for the 
red AlGalnP laser and 31.3 mA for the violet InGaN laser. A single mode optical fibre 
was used as a waveguide to deliver the light beam emitted by the laser to the optical 
spectrum analyser. All measurements were controlled by a Lab VIEW program 
through a General Purpose Interface Bus (GPIB). The spectrum measurement results 
are shown in figure 3.3 for the red AIGalnP laser (upper graph) and the violet InGaN 
laser (lower graph).
Fibre optic
Diode laser
PC
Power
Source
Temperature
Controller
Optical
Spectrum
Analyzer
Figure 3.2 Schematic set-up of the illuminating laser spectrum measurement. The 
temperature controller was set at 20 °C . The power source supplied the driving current 
to the AlGalnP laser at 46.5 mA and 31.3 mA to the InGaN laser.
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Figure 3.3 The spectrum measurement results of (a) red AlGalnP laser and (b) violet 
InGaN laser.
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The spectrum measurement results show that the red AlGalnP laser emits a light beam 
at a wavelength of 658.4 nm (figure 3.3 a), while the violet InGaN laser (figure 3.3b) 
emits two peaks of wavelengths 405.5 nm and 405.8 nm. The average wavelength 
emitted by the InGaN laser was calculated to be 405.7 nm. Therefore, simulations in 
this research were performed based on wavelength of 658.4 nm and 405.7 nm for red 
and violet emission, respectively.
Another characteristic of the laser sources, which was important for setting up 
the experiment, was the dependence of power on the driving current. Therefore, the 
relationship between laser power and driving current was also examined. The 
measurement set-up is shown in figure 3.4. An optical power meter (ANRJTSU 
ML910B) was used to measure laser power via an optical power probe. The power 
source supplied driving current for the lasers from 0 to 55 mA and 0 to 50 mA in steps 
of 0.1 mA for the red AlGalnP laser and the violet InGaN laser, respectively. A 
temperature controller was used to maintain an operating temperature at 20°C . The 
fluctuations of the lasers’ temperature were ± EC  which effect to the fluctuations of 
light intensities were ±0.0074 Volts and ±0.0113 Volts for red and violet light 
sources, respectively as presented in figure 3.6. All measurements were controlled by 
a Lab VIEW program via GPIB. The relationship between laser power and driving 
current is shown in figure 3.5.
Optical Power 
  Probe
Diode laser
PC
Temperature
Controller
Power
Source
Optical 
Power Meter
Figure 3.4 Schematic of the set up of driving current dependent power measurement of 
the illustrating lasers
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Figure 3.5 The driving eurrent dependent power of the (a) red AlGalnP laser and 
(b) violet InGaN laser. Both lasers were fixed at a temperature of 20 °C .
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Figure 3.5 shows the power versus current characteristic of the light source systems. 
The characteristic graphs show that the threshold currents were 41mA for the red 
AlGalnP laser and 27 mA for Violet InGaN laser. Above the threshold current the 
laser power is linearly proportional to driving current. Equations of the laser power 
and driving current can be written as equations 3.1 and 3.2 for red AlGalnP laser and 
violet InGaN laser, respectively.
(Red AlGalnP laser) P{mW) = 0.93/(w^) -  38.28 (3.1)
(Violet InGaN laser) P(mW) = 1.1 l/(w ^) -  29.74 (3.2)
where P is laser power in unit of mW and /  is driving current in unit of mA. The 
driving current range of validity for equations 3.1 and 3.2 are 42-54 mA and 28-49 
mA. To achieve a simple and compact system the lasers were selected to use low 
power. The light sources in all experiments, therefore, were set to emit powers of 
lights at 5 mW, which is the limitation of laser power in class 3R. From equation 3.1 
and figure 3.5 a the driving current supplied to the red AlGalnP lasers was set at 46.5 
mA to provide 5 mW. For the violet InGaN laser, the equation 3.2 and figure 3.5 b 
determined that the driving current at 31.3 mA provides 5mW. The driving currents 
were therefore set at 31.3 mA for the violet InGaN laser and 46.5 mA for the red 
AlGalnP lasers for all experiment in this research. The stabilisation of the light source 
systems were also tested. The lasers were driven by driving eurrent to provide 5mW 
power. Detection systems presented in the next section were used to measure the light 
fi'om both lasers. After warming up the light source systems, the detector collected the 
light intensities from the lasers for two hours (measuring time period) in steps of 30 
seconds. The measurement results are presented in figure 3.6.
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Figure 3.6 The stability test of the light souree system.
From the stability test of the laser (figure 3.6), within two hours of measuring the 
measured light intensities were between 0.9139- 0.9213 Volts for the red light system 
and 0.8728- 0.8841 Volts for the violet light system. The fluctuations of light 
intensities were ±0.0074 Volts and ±0.0113 Volts which equal to 0.81% and 1.29% 
of the measured light intensity for red and violet light sources, respectively. These 
showed that the powers of the light souree systems have good stability and low 
fluctuations.
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B. Detection system
Eaeh detection system consisted of a Si photodiode mounted on a two 
dimensional (2D) translation base, an objective lens, and a bandpass filter. All of the 
components of detection system were attached to the arm of a rotating base as shown 
in figure 3.7.
Translation mount
Si Photodiode
Obieetive lens
Band pass 
Filter
Figure 3.7 Set-up of the detection system, showing the Si photodiode mounted on a 2D 
translation base, the objective lens and bandpass filter.
Si photodiodes in the AEPX series (AEPX65) were employed to convert the light 
intensity to an electrical eurrent (figure 3.8). They had an active area of 0.63 mm^.
Figure 3.8 Si photodiode AEPX65
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The responsitivity of the Si Photodiode was in the range of visible light to infrared. 
The graph of responsitivity versus wavelength of the Si photodiode is presented in 
figure 3.9. The responsitivity of the Si photodiode AEPX65 to the light emitted from 
the red AlGalnP laser (658.4 nm wavelength) and violet InGaN laser (405.7 nm 
wavelength) were 0.105 A/W and 0.415 A/W, respectively. This shows that the 
detectors responded to red light more than violet light.
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Figure 3.9 Spectral response of silicon photodiode AEPX 65 [78]
As the photodiode is used to convert the detected light intensity to electrical current, 
the signal strength from the photodiode was measured by connecting a resistor in 
parallel circuit to the photodiodes, as circuit diagram shown in figure 3.10.
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Si Photodetector
To multimeter
Resistor 
10 kQ
Figure 3.10 Diagram of the parallel circuit of the photodiode and resister for 
measuring signal detected by the photodiode
As the dual wavelength multiple angle light scattering system employed two 
different wavelength light sources (red AlGalnP laser and violet InGaN laser ), it was 
important that the detection system should be able to differentially measure signals 
from each light source. The bandpass filters (red and violet ranges), as shown in figure 
3.11, were used to differentially separate the signals before they are detected by the 
photodetectors. Both bandpass filters were tested for their transmission coefficients. 
The filter transmission measurements were performed in the wavelength range of 300- 
800 nm using a UV-Vis spectrometer (Cary 5000 UV-Vis spectrometer), which 
covered the wavelengths emitted from the light sources used in the experimental set 
up. The transmissions coefficients of the red and violet filters are presented in the 
figure 3.12. The transmission graph shows that the transmission coefficients by the red 
filter (red line) at 658.4 nm (red AlGalnP laser) and 405.7 nm (violet InGaN laser) 
were 79 % and 8%, respectively. The violet filter (violet line) shows the transmission 
for the red and violet wavelengths are 8 % and 79%, respectively. These 
measurements showed that the filters transmit the wavelength in their range up to 79% 
and attenuate other wavelengths up to 92%.
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Figurer 3.11 Bandpass filters for violet (left) and red (right) wavelength with the black 
adhesive tape to differentially measure signals from each light source.
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Figure 3.12 Filter transmission graphs of the red (red line) and violet (violet line)
bandpass filters
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Moreover, to accurately measure the scattering angles detected by the photodetector, 
apertures were placed in front of the filters to reduce the aperture of the solid angle of 
the scattered light beam. The apertures were made of black adhesive tape with a 
circular diameter of 1 mm, as shown in figure 3.11. Figure 3.13 shows a schematic of 
angular range (A 0) subtended by detector.
mm
Detection distance 35 mm 
Figure 3.13 Schematic of the angular range subtended by the detector.
As the detection distance was 35 mm, therefore angular range subtended by detector 
can be calculated as follow;
tan = —  (3.3)
35
A6 = 1.29 degrees (3.4)
Therefore each scattering angle which is in steps of 1 degree, there are some overlap 
of scattered intensity detected by detector. Moreover, objective lenses were used to 
focus the scattered light beam to the photodetectors. The objective lenses had a 
numerical aperture (NA) of 0.40 and magnification of x20.
C. Rotating base system
All components of the detection system were designed to rotate to measure the 
scattered signals in the polar angle plane. The components of the rotating base are 
shown in the figure 3.14. The rotating base was modified from a spare part of the 
grating mount of a spectrometer which has an angular scale for measuring scattering 
polar angles. Optical assemblies were modified and connected to the grating mount 
using detection arms, which hold all of the components of the detection system. A 
gearwheel system was used to rotate the rotating base. A water flow controller 
(ISMATEC) was modified to control the rotation of the base by connecting it to the 
gearwheel via a cog belt. The rotation rate and angle of the rotating base system was
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controlled by a Lab VIEW program, which was written by the author. The front 
control panel and block diagram of the Lab VIEW program to eontrol the rotating base 
system are shown in figure 3.15.
I
0
Gear wheel 
Cog belt
Grating mount 
Detection arms
Water flow 
controller
Gear wheel
Figure 3.14 The rotating base system which was modified from a grating mount using 
a gear wheel system with a water flow controller as rotating mechanism which was 
controllable via Lab VIEW.
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The left panel of figure 3.15 shows the front control panel for the Lab VIEW program 
for controlling the rotating base system. The program was designed for the user to set 
the rotating angle of the unit and delay time in milliseconds as the interval for 
changing the scattering angle. The right-hand diagram in figure 3.15 shows how the 
Lab VIEW program controls the rotating base system. The controlling operation starts 
by setting the direction of the rotation (in stepl). The rotating system then starts to 
rotate in step 2. In step 3 the operation is in a loop operator. The rotating angle and the 
delaying time can be set in this step. The action in the loop operation is repeated until 
the rotation system has rotated to the set rotating angle. After the loop operation in 
step 4, the rotating system is set to stop rotating and finish in step5 by setting the 
rotating direction back for returning to the origin.
D . Data acquisition system
A  system to convert the measurement data in analog form to digital data for 
transfer to a computer and analysis was designed. Initially, a lock-in amplifier (DSP- 
7265) was used as the data acquisition instrument. As the aim of the design was to 
develop a simple system the data acquisition system was subsequently changed from 
using the lock-in amplifier to a data acquisition device (DAQ USB-6211, National 
instruments UK). It was tested to collect the signals from the apparatus. The results 
showed that there was a lot of noise occurred from the DAQ system in the 
measurement range (mV). The data acquisition system was changed again to a 
multimeter (KEITHLEY 2010). The measured signals collected from the multimeter 
had lower noise than the measurement signals from the DAQ. The sensitivity of the 
multimeter is in the range of 0.01 pV. The multimeters, therefore, were employed as 
the collecting instruments in the data acquisition system for lab-based demonstration. 
The measured signals collected by the data acquisition system were transferred to the 
computer via the GPIB port.
Beside the apparatus in the system presented above, the sample cell was also 
important. The sample cell was used to contain the sample suspension. The sample 
cell was a square glass cuvette available from a general chemical preparation 
laboratory. It had a cross-section of lOmmx 10mm and a height of 50mm as shovm in 
figure 3.16.
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Figure 3.16 the sample cell
All parts of the apparatus were protected from external electromagnetic interference 
(which affected the performance of the detectors), airborne particles, surrounding 
light, and air-flow (whieh caused temperature fluctuations of the laser) by covering it 
with a metal box. The box’s size was designed to be big enough for convenience of 
setting operation. The box was made of aluminium plate with dimensions 60x60x50 
cm  ^ as shown in figure 3.17. To prevent the light reflected from the box surfaces, the 
inside surfaces of the box and all apparatus were painted black. In addition, an 
ultrasonic bath was used to prepare sample solutions to disrupt clumps of particles in 
the suspensions.
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Figure 3.17 The set up is covered by the metal box to protect the external 
electromagnetic interference, airborne particles, surrounding light, and air-flow.
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3.2.2 Experimental set up and operation
The single and dual wavelength multiple-angle light scattering systems were 
set in the same base as presented in the figure 3.18. For the single wavelength 
multiple-angle light scattering, the red light scattering system was used. The violet 
light scattering system was added to the red scattering system at 90 degrees for the 
dual wavelength multiple-angle light scattering system.
Red detection  
' system
V i o l e t  l i uh t
Sam ple cell source svstem
V iolet detection  
system
Red light 
source system
Figure 3.18 Photo of the multiple angle light scattering system.
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A. Single wavelength multiple- angle light scattering
The multiple-angle light scattering with single wavelength was designed for 
measuring the particle concentration, size and refractive index. It collects the scattered 
intensities at different polar scattering angles. The set up diagram of the single 
wavelength multiple-angle light scattering system is shown in Figure 3.19.
Scattered signal 
detector
^Objective
Lens
Sample
Cell
Reference signal 
detector
Lens
Beam
splitter
AlGalnP Laser
Figure 3.19 Schematic set up drawing of the single wavelength multiple-angle light
scattering system.
The red diode laser (AlGalnP laser) was used as the light source. The diode laser was 
set to emit 5mW perpendicular polarized light at 658.4 nm-wavelength. A thin lens 
focused and directed the incident light beam onto the centre of a sample cell. An 
objective lens focused the scattered light signal onto the signal detector. The silicon 
photodiodes with a buffer circuit were used as detector. The scattered signal detector
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was mounted on a rotating base which was able to be controlled via Lab VIEW™ 
software.
The system as shown in figure 3.19 is operated as follows. The light beam 
from the diode laser is focused by the thin lens onto the centre of the sample cell 
containing the experimental sample solution. Light entering the sample cell is 
scattered and absorbed by the particles in suspension. The scattered light is then 
focused by the objective lens onto the photodetector, which is rotating to collect the 
scattered signals from 5 to 35 degrees in steps of 1 degree. The scattered signals 
detected by the photodetector are then collected by the multimeter and transferred to 
the computer via the GPIB port. For the particle concentration measurement the 
measured scattered intensity is analyzed directly based on calibration models 
generated from the calibration samples to obtain the concentration of the particles in 
suspension. In case of the particle size and refractive index measurements, the 
scattered intensities were normalized with the scattered intensity at 5 degrees of 
scattering angle. The normalised scattered intensities were then analyzed using the 
calibration model generated from the Mie theory with corrections to determine the 
particle size and refractive index of the particle suspended in the sample solution. All 
operations to control the scattering system and collect the scattered intensity are 
performed via the Lab VIE program. The front control panel of the program is
shown in figure 3.20. It displays scattered intensity graphs in raw measured signal 
form (unit of Volt) for particle concentration measurements (upper graph) and in the 
form of normalized scattered intensity at 5 degrees of scattering angles for particle size 
and refractive index measurements (lower graph).
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Figure 3.21 shows a diagram of the program used to collect the scattered intensity 
from the single wavelength multiple angle light scattering system. Its operation is as 
follows. It starts by opening a file to save the scattered data. It was designed to let the 
user create the file name or use a default name, such as Textfile.txt (stepl). The 
program then set the rotating system to an anticlockwise rotation and started moving 
(step 2 and 3). In step 4 of the loop operation the program starts to collect the data 
from the multimeter. It first collects the scattered data at an angle of 5 degrees and 
keeps it as an index variable to be the normalising value. The loop is repeated to 
collect the scattered light intensities at the next scattering angles while the rotating 
base is rotating. The collected scattered intensities were normalised compared to 
scattered intensity at 5 degrees of scattering angle for each loop. Each loop was 
designed to collect scattered data for one degree scattering angle. All scattered data, 
both raw and normalised scattered intensities, were plotted against scattering angle and 
saved to the file opened at the beginning of the sequence. The loop operation repeats 
for 30 loops to collect the scattered intensities from 5 degrees to 35 degrees scattering 
angles. After finishing collecting and saving the scattered intensity performed in the 
loop operation, the rotating system stops (step5) and the saving file is closed (step6). 
The sequence takes about 8 seconds to complete. The scattered data saved in the file is 
ready for analysing to determine the particle concentration for the raw scattered 
intensities, size and refractive index for the normalised scattered intensities.
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B. Dual wavelength multiple-angle light scattering
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Figure 3.22 Schematic set up drawing of the dual wavelength multiple angle light
scattering system.
The dual wavelength multiple-angle light scattering system was developed to 
collect the relative wavelength scattered intensities for particle identification. It 
combines two single wavelength multiple-angle light scattering systems. The design is 
shown in Figure 3.22. The dual wavelength multiple-angle light scattering system 
employs two diode lasers (violet InGaN-based and red AlGalnP-based) as light 
sources. The diode lasers were temperature controlled and powered by the systems as 
presented in section 3.2.1. They were set to emit illuminating power at 5mW 
perpendicular polarized emission at 405.7 and 658.4 nm-wavelengths for violet InGaN
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and red AlGalnP diode lasers, respectively. The red and violet bandpass filters 
presented in section 3.2.IB were added to the scattering system for differentially 
detecting the scattered signals from each light source. The scattering angle dependent 
ratio of normalised scattered intensities between red to violet wavelength is measured 
as a means of particle identification. Its operation begins with the light beams from the 
two light sources (red and violet light) being focused on the sample cell containing the 
suspension being investigated. The scattered light of each wavelength from particles in 
suspension are filtered by the bandpass filters and focused through the objective lenses 
to the photodetectors. The detecting systems for both red and violet wavelengths were 
mounted on the rotating system to collect the scattered intensities from 5 to 65 degrees 
in steps of 1 degree. Measured scattered light intensities are then collected by the 
multimeters and transferred to the computer via the GPIB port. All the processes of 
operation are controlled and processed via the Labview^^ program. Its front control 
panel is shown in figure 3.23 and a block diagram of the program is presented in 
figure 3.24. The front control panel displays scattered intensity graphs in raw signal 
form (upper graphs). These graphs show the scattered intensities directly collected 
from the multimeters. The left graph displays the scattered intensities of the violet 
light against the scattering angles whilst the right graph is a graph of scattered red light 
against scattering angle. The control panel also displays graphs of the relative 
wavelength scattered intensities which is the ratio of normalised scattered intensities 
of violet to red (V/R) (lower left graph) and red to violet wavelengths (RA^) (lower 
right graph) against scattering angles.
Chapter 3 Experimental methodology & Development 53
S  Angle d e p e n d e n t_ 2  ligh t source_i<>tdtion c o n tro l system  2 _ $ ta r t a t  5 to  6 5  d e g ie e _  re la tiv e  w av e len g th , vi F ro n t P an e l
File Edit View P ro je c t O p e r a te  Tools W indow  Help
Dual wavelength multiple^ngle light 
scattering system
S c a t te d  Violet Signal 
0.2 - I
P lo tO  I j
5.0 10.0 20.0 30.0 40.0 50.0
S c a tte r in g  a n g le  ( d e g re e )
S c a t te r in g  a n g le  f l
S c a t te r e d  Blue
R e la tiv e  N orm aled  V io let/R ed P lo tO  I j
£ 3 .5 -
£ 2 .5 -
20.0 30.0 40.0 50.0
S c a tte r in g  a n g le  (d e g re e )
S c a tte r in g  a n g le  S  |
S c a t te r e d  Blue @ 1 ^ 1  '  U
S c a t te r e d  R e d  signal 
0.3
P lo tO  [
5.0 10.0 20,0 30.0 40.0 50.0
S c a t te r in g  a n g le  (d e g r e e )
: S c a tte r in g  a n g le  S  I
S c a t te r e d  R e d  S> \
R ela tiv e  N orm aled  R ed /B lue
B 1 . 2 -
(D 1 . 0 -
B 0 .6 -
5.0 10.0 20.0 30.0 40.0 50.0
S c a tte r in g  a n g le  (d e g r e e )
S c a tte r in g  a n g le  S  ”
S c a t te r e d  Blue ®
L _ ) A fte r  T ra n s fe r ! DOOTV P lay e r v e r s io . .. M icrosoft P o w e r P o in t . . . #  A ngie c
Figure 3.23 Front control panel of the Lab VIEW program to collect the relative 
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The operation of the Lab VIEW program for the dual wavelength multiple 
angle light scattering system was modified from the Lab VIEW program for single 
wavelength multiple angle light scattering system. The operation procedures of the 
program are shown in the block diagram in figure 3.24. It first opens a file to collect 
the scattered data (step 1). The direction of rotation is set (step 2) and then the system 
starts to rotate (step 3). During the loop operation the scattered data are collected 
from multimeters for both red and violet wavelengths (Step 4). For each loop 
operation the system rotates by 1 degree, and the program collects the scattered 
intensities for each scattering angle. On the first loop, the scattered intensities at the 5 
degree scattering angle were collected and kept in an index variable for normalising 
other scattered intensities. After the first loop operation, the measured scattered 
intensities are collected for the next scattering angles and normalised by the scattered 
intensities at 5 degrees. The normalised scattered intensities for red and violet 
wavelength at each scattering angle are divided by each other to generate the relative 
wavelength scattered intensities. The program was designed to calculate the relative 
wavelength scattered intensities of red to violet wavelength (R/V) and violet to red 
wavelength (V/R). The loop operation repeats the data collection 60 times over the 
range 5 to 65 degree of scattering angles. All scattered intensities and relative 
wavelength scattered intensities were plotted against scattering angle and saved to the 
opened file. After finishing the collecting and saving the scattered intensity in the 
loop, the rotating system was stopped (step5) and the saving file was closed (step6). 
The relative wavelength calculated from the scattered data was used as a fingerprint 
for each particle suspended in the test solutions, which was later used as a means of 
particle identification.
3.3 DATA ANALYSIS METHOD
The data from the single wavelength multiple-angle light scattering system 
consist of the scattered intensity at multiple scattering angles. The data were in the 
form of raw signal and normalized data. To determine the properties of the particles, 
the calibration or predictive models were created either from experimental
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measurements of calibration samples for particle concentration measurement, or from 
theory with correction for particle size and refractive index measurement. The data 
were used to predict the investigated information from the test samples based on the 
predictive models. A multivariate data analysis method was used to generate the 
calibration models from the calibration samples and predict the proposed information 
from the investigated samples.
The multivariate data analysis technique used in this research was the Partial 
Least Square Regression (PLS-R) method which performs via a program called “The 
Unscramble” (trial version). PLS-R has been widely used in other disciplines, like 
chemical engineering, where predictive variables often consist of many different 
measurements in an experiment, and where the relationships between these variables 
are poorly understood [79]. It is particularly useful when we need to predict a set of 
dependent variables or determination values (Yi, Yi, Yg ...) from a set of independent 
variables or measurement values (Xi, X 2 , X 3 ...). It was used when the measurement 
of Y may be expensive, difficult, dangerous, labour intensive, etc. The schematic of 
the concept of the multivariate data analysis is shown in figure 3.25.
Y Y
\ X  ] y
V ^^Calibration V  ^J Calibration
Regression
MODEL (a)
X -
3 Jfest
MODEL
Prediction
(b)
Figure 3.25 (a) Establishing a multivariate regression model from known X and Y 
data, (b) Using the multivariate regression model to predict new Y values.
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The technique constructs a multivariate regression model, or predictive model, from 
the calibration data, which are known information. The model is then used on new X 
measurements to predict new Y-values. Constructing the predictive model uses the 
information from standard data or calibration data to find the Y-relevant structure in X 
by successively extracting latent factors from both X and Y such that correlation 
between the extracted factors is maximized. The PLS-R technique tries to find a linear 
decomposition of X and Y such that
X  = T P ^ + E  (3.3)
Y = U Q ^ + F  (3.4)
where T = X-scores , U = Y-scores , P = X-loadings , Q = Y-loadings
E = X-residuals and F = Y-residuals
Decomposition is finalized so as to maximize covariance between T and U. The 
algorithms to solve this problem follow an iterative process to extract the X-score and 
Y-scores [80, 81].
The PLS-R has many advantages such as it can deal with multiple co-linearity. 
It also takes into account the data structure to provide visual results that help with the 
interpretation. It can also model several response variables at the same time taking into 
account their structure.
3.4 SUMMARY
The methodology and system development performed in this research was 
presented in this chapter. The details of the apparatus set up and measurement 
methods, the experimental set-up and control and data analysis methods are described. 
The light source and detection systems were first presented. The light sources used in 
the experimental set up were AlGalnP and InGaN diode lasers which emit wavelength 
of 658.4 and 405.7 nm. As our aim was to make the system simple and compact, the 
laser power was limited at 5mW which corresponds to the driving current at 46.5 mA
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for the red AlGalnP laser and 31.3 mA for the violet InGaN laser. The detection 
system employs silicon photodiodes with buffer circuit as the detectors. The 
responsitivity of the photodiode showed that the detector responds more to the red 
than the violet. The characteristic of the bandpass filters were measured. The filters 
can transmit the relevant wavelength up to 79% and attenuate other wavelength up to 
92%. The experimental set-up and operation were also presented. The single multiple- 
angle light scattering system was used to collect the scattered intensity in a variety of 
scattering angles to interpret the scattering particles’ properties using the PLS-R 
method. The scattered intensities collected from the single multiple-angle light 
scattering system were in the raw data for the particle concentration measurement and 
normalised data for particle size and refractive index measurement. The dual 
wavelength multiple-angle light scattering system was set up for collecting the relative 
wavelength scattered intensity as a means of particle identification. Finally, the partial 
least square regression method which is the method to predict the particle properties 
based on the calibration data from the scattered signal was described. The PLS-R 
constructs a predictive model using the information from standard data or calibration 
data and predicts investigated information from the test sample based on the 
constructed predictive models.
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CHAPTER 4
PARTICLE CONCENTRATION MEASUREMENT
4.1 INTRODUCTION
The measurement of suspended particle concentrations is an important part of 
many quality control systems. There are many methods used to measure the 
concentration of particles in suspension; for instance, ultrasonic attenuation [82, 83], 
ultrasonic impact vibration [84], volumetric flasks [85], and also light scattering 
techniques. As the latter techniques are easy to perform and have many attractions - 
they are non-invasive in nature, have high sensitivity, have the potential for real-time 
detection and low maintenance - they have been widely used to determine the 
properties of particles in suspension, including their concentration. The intensity of 
scattered light (I) is dependent on the scattering angle ( 0),  incident wavelength (2), 
and the size (%), shape and the optical properties of the system (specifically, the index 
of refraction (n) of the particle relative to the suspension medium). In fundamental 
light scattered by a single spherical particle, the scattering pattern is described by Mie 
theory [57], which is a function of many variables as per equation 4.1.
I  = l{0,X,x,n)  (4.1)
In practice, the light scattering pattern from a suspension is also determined by 
a collection of particles in suspension. Consequently, particle concentration (c) in the 
suspension contributes to the intensity of the scattered light. At a low particle 
concentration (single scattering) in a mono-dispersed system, the scattered light 
intensity can be assumed to arise from the addition of the scattered light intensity from 
each particle. Consequently, the scattered light intensity varies linearly with 
concentration, but not for poly-dispersed or mixed suspensions which is the normal 
form of the microorganism found in nature. The scattered intensity of the mixed
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suspension is a combination of the scattered intensities from particles in each size 
range as described by equation 4.2.
/  = \c{x)I{6,X,x,n)dx (4.2)
x=Q
where c{x) is a concentration function of the particle size x. For suspensions with a 
high concentration of particles, multiple scattering effects are significant, resulting in 
the scattered signals being indirectly proportional to the particle concentrations [86].
As the light scattering intensity is determined by the properties of the scattering 
particles, light scattering techniques have been used to obtain the scattering phase 
function in order to infer particle size [87,88,89], refractive index [90, 91], and 
concentration [92,93]. However, when particles are suspended at high concentration, 
multiple scattering effects complicate the measurement and limit the application of the 
technique [94-95]. The common way to avoid this effect is to dilute the sample so that 
the sample transmittance is above 0.95 [96].
Multiple scattering effects were studied using aqueous suspensions of 
polystyrene spheres of sizes of 1.1 pm and 3.0 pm at high concentrations. Suspensions 
of polystyrene spheres were prepared in the ranges of 10^-10* partieles/ml (1.1 pm 
spheres) and 10^-10^ particles/ml (3.0 pm spheres). Figure 4.1 shows the design of 
the optical system. A red light diode laser (AlGalnP diode laser) was used to 
illuminate the suspension contained in a sample cell. Scattered intensities were 
detected by a photodiode at scattering angles {6)  of5°,45° and90°. The measurement 
results are presented in figure 4.2.
Photodiode
Diode laser
Figure 4.1 Diagram of scattering measurement set up
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Figure 4.2 Scattered light intensities of mono-dispersed polystyrene spheres 
in aqueous suspension at the different concentrations. Measurements were 
taken a t5% 45% and 90° scattering angles for (a) 1.1 pm. (b) 3.0 pm 
diameter.
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Figures 4.2a and 4.2b show that the intensity of the scattered light from particles in 
suspension is not linearly related to the particle concentration over the full range of the 
concentrations used in the experiments. At the low concentrations, the scattered 
intensities increased monotonically as the concentration of particles increased (solid 
straight line). However, in the high concentrations region, the scattered intensities 
either decreased, or were stable, as the concentration of particles increased. This was 
due to multiple scattering in the suspensions.
A basic nephelometer is an optical instrument for measuring particle 
concentrations in suspension. It works by detecting the scattered light from a 
suspension of particles at a fixed scattering angle; normally 90 degrees because this 
angle is considered to be the least sensitive to particle size. A simple linear regression 
is then used to fit a straight line through the set of scattered light signals of standard 
samples in such a way that makes the sum of squared residuals of the model as small 
as possible. The concentration of particles in a test sample is then estimated by 
reference to the calibration curve. As the scattered light intensity is not linearly 
proportional to the concentration at high particle concentrations, where the multiple 
light scattering effects are significant, and the basic nephelometer caimot be applied to 
measure particle concentration for the suspension at high concentration.
In addition to the difficulties described above of measuring mono-disperse 
suspensions, the practical application of nephelometeric techniques in industry, 
research, or environmental monitoring is further complicated by the presence of poly­
dispersed suspensions. Most of the light scattering techniques have been applied to 
mono-dispersed systems [97,98,99]; whereas those that have been applied to poly­
dispersed systems determine only particle size distributions but not concentration 
directly [100, 101].
In this chapter, a multiple-angle light scattering system (also called polar 
nephelometer), in small scattering angles was used to measure the concentration of 
particles at high concentration in mono- and poly-dispersed suspensions. The system 
design combined multiple-angle detection to collect scattered angle dependent light 
intensities and multivariate data analysis techniques, using the partial least square
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regression (PLS-R) method, to generate a predictive model from calibration samples 
and to predict the concentration of particles in test samples.
4.2 MATERIALS AND METHODS
4.2.1 Experimental samples
The performance of the proposed set up was validated by measuring 
differential particle concentrations in mono-dispersed and poly-dispersed suspensions. 
Both the mono-dispersed and poly-dispersed suspensions were prepared using 
polystyrene spheres (Supplied by Sigma-Aldrich, UK) in de-ionized water. To 
generate predictive models for concentration measurement of particle suspensions in 
mono-dispersed system, 22 samples of polystyrene sphere suspensions of particle size 
of 1.1 pm (LB ll) with concentration of 10^-10^ particles/ml (Gal L B ll No.l- 
No.22), as shown in table A1 in Appendix, and 27 samples of polystyrene sphere 
suspensions of particle size of 3.0 pm (LB30) with concentration of IC^-IO^ 
particles/ml (Gal LB30-No.l-No.27), shown in table A2 in Appendix, were prepared. 
For the poly-dispersed suspensions, 26 calibration samples were prepared by mixing 
L B ll, with concentration of 10  ^-10® particles/ml, and LB30, with concentration of 
10"^-10^ particles/ml (Gal Mixed LB No.l-No.26), as shown in table A3 in 
Appendix. These concentration ranges of the calibration samples were chosen by 
considering the sensitivity of the detector and regression results of prediction model. 
Test samples for all dispersion were prepared with different concentrations from the 
calibration samples for each particle size for mono-dispersed solutions and poly­
dispersed solutions as shown in table 4.1 and table 4.2, respectively.
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Table 4.1 Concentrations of the test samples for mono-dispersed system
Test 
Sample Name
L B ll particle 
concentration 
(particle /ml)
Test 
Sample Name
LB30 particle 
concentration 
(particle /ml)
LBll-N o.l 1.28x10* LB30-NO.1 1.15x10’
LBll-No.2 8.30x10’ LB30-NO.2 7.45x10*
LBll-No.3 3.77x10’ LB30-NO.3 3.39x10*
LBll-No.4 1.28x10’ LB30-NO.4 1.15x10*
LBll-No.5 5.23x10* LB30-NO.5 4.69x10*
Table 4.2 Coneentrations of the test samples for poly-dispersed system
Test 
Sample Name
L B ll partiele 
concentration 
(particle/ml)
LB30 particle 
concentration 
(particle /ml)
Mixed LB No.l 5.28x10* 4.40x10*
Mixed LB No.2 1.13x10’ 1.69x10*
Mixed LB No.3 1.09x10* 2.12x10*
Mixed LB No.4 3.66x10’ 2.12x10*
4.2.2 Experimental method
The optical design used in this experiment was the multiple angle light 
scattering system as described in section 3.2.2 of chapter 3. A red diode laser 
(AlGalnP laser) emitting 5mW perpendicular polarized light of 658.4 nm was used as 
the light source. An experimental sample was placed in a glass cuvette, and the laser 
beam was directed at the centre of the sample. The detection system, composed of 
silicon photodiodes with a buffer circuit, was mounted on a rotating base that could be 
moved through an angle of 5“ to 35“ in steps of one degree.
The obtain the particle concentration, a calibration model or predictive model 
was generated using partial least regression method (PLS-R) (section 3.3 of chapter 3) 
from scattered data of samples of known concentrations of particles. The test samples
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(investigation samples) were then measured. Scattered intensities and the 
concentration of the particles was predicted from their scattered intensities based on 
the predictive model. To compose the predictive model from the calibration samples 
and to predict the concentration of the test samples, the angle dependent scattered 
intensities were set as the sets of independent variables, or measurement values, for 
both the mono-and poly-dispersed systems: particle concentrations were used as 
dependent variables, or determination values. In mono-dispersed suspensions, 
determination values were contributed from either a set of concentrations of L B ll or 
LB30 whilst two sets of dependent variables (the concentrations L B ll and LB30 in 
mixed suspensions) were set as dependent variables in the poly-dispersed system.
4.3 RESULTS AND DISCUSSIONS
4.3.1 Mono-dispersed system
The angle dependent scattered light intensities from the calibration samples in 
mono-dispersed suspensions are shown in figure 4.3a for L B ll and figure 4.3b for 
LB30. The scattered light intensities of the calibration samples for L B ll showed that 
the scattered intensities at small scattering angles were higher than at high scattering 
angles. When the scattering angles increased, the scattered intensities from suspension 
in low concentration decayed faster than suspensions at high concentrations. The 
scattered intensities at small scattering angle increased when the particle concentration 
increased to 4x10^ particles/ml; it then decreased as the particle concentration 
increased further.
For the scattered intensities from LB 30, they showed that the ripples vary 
according to the scattering angle. The amplitudes of the ripples reduced at the low 
concentrations due to the sensitivity of the detector. The highest scattered intensities 
for each concentration occurred at the minimum scattering angle.
The measured scattered signals from the calibration samples of both L B ll and 
LB30 were combined to generate predictive models using the PLS-R method. Figures 
4.4a and 4.4b show the reference and predicted values of the calibration sample for 
L B ll andLB30,respectively.
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Figure 4.3 Contour plot of angle dependent scattered intensities of calibration 
samples for (a) LB ll and (b) LB30 in mono-dispersed suspensions
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Figure 4.4 Regression analysis of the predietive models for (a) LBl 1 and (b) LB30 in 
mono-dispersed suspension.
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The regression results show that the reference and predicted concentrations of the 
calibration samples had a good agreement to each other, especially at high 
concentrations. At low concentrations the consistency between the reference and 
predicted values was lower. This was because the detector was not sensitive enough to 
detect the small signals from the particle suspensions in low concentration. Therefore, 
some of suspensions at very low concentrations were not used to generate the 
calibration models. The regression results of the calibration samples after removing 
data from suspensions at low concentrations are presented in figure 4.4. They showed 
that the correlation between reference concentrations and predicted concentration of 
the calibration samples were 0.988 and 0.969 for the predictive models of L B ll and 
LB30 mono-dispersed suspensions, respectively. These values showed that there was a 
good correlation between the extracted factor from dependent and independent 
variables of the calibration samples, confirming that the predictive models could be 
used to estimate the concentrations of test samples.
The scattered light intensities of the test samples were analyzed to predict the 
concentration of particles based on the generated calibration models. The scattered 
intensities of the test sample suspensions of 1.1 pm (LBll-No.l-No.5) polystyrene 
spheres are shown as figure 4.5. These scattered light intensities were used to estimate 
the particle concentrations based on the calibration model presented in figure 4.4a. The 
predicted concentrations are presented in table 4.3 and figure 4.6. For test samples 
suspensions of 3.0 pm polystyrenes spheres(LB30-No.l-No.5), the scattered 
intensities are presented in figure 4.7 and the predicted concentrations, based on the 
predictive model presented in figure 4.4b, are shown in table 4.4 and figure 4.8.
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Figure 4.5 Scattered light intensities from test samples of 1.1 pm polystyrene latex 
beads in mono-dispersed suspensions (LBl 1).
Table 4.3 Predicted concentration of 1.1 pm polystyrene spheres (LBl 1-No. 1-5) in 
mono-dispersed test samples using the generated calibration curves.
Test 
Sample Name
LB ll particle concentration (particle /ml)
Reference Predicted Standard Deviation %Error
LBll-N o.l 1.28x10* 1.31x10* 0.05x10* 2.34
LBll-No.2 8.30x10’ 9.35x10’ 0.50x10’ 12.65
LBll-No.3 3.77x10’ 4.14x10’ 0.75x10’ 9.81
LB 11-No.4 1.28x10’ 1.23x10’ 0.88x10’ 3.91
LBll-No.5 5.23x10" 4.85x10" 4.10x10" 7.27
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Figure 4.7 Scattered intensities from test samples of 3.0 pm polystyrene latex 
beads in mono-dispersed suspensions (LB30).
Chapter 4 Particle concentration measurement 71
Table 4.4 Predicted concentration of 3.0 pm polystyrene spheres (LB30-No.l-5) in 
mono-dispersed test samples using the generated calibration curves.
Test 
Sample Name
LB30 particle concentration(particle /ml)
Reference Predicted Standard Deviation % Error
LB30-NO.1 1.15x10’ 1.17x10’ 0.05x10’ 1.74
LB30-NO.2 7.45x10" 7.90x10" 0.44x10" 6.04
LB30-NO.3 3.39x10" 3.60x10" 0.45x10" 6.19
LB30-NO.4 1.15x10" 1.11x10" 0.29x10" 3.48
LB30-NO.5 4.69x10" 4.46x10" 2.72x10" 4.90
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Figure 4.8 Prediction results for test sample of 3.0 pm polystyrene latex beads 
in mono-dispersed solutions.
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The predicted results shown in table 4.3 and 4.4, and plotted in figures 4.6 and 
4.8, show reference and predicted particle concentrations and standard deviations of 
the predicted results. The prediction results of test samples showed good agreement 
between the predicted particle concentrations and reference values. The lowest errors 
from the reference for the L B ll suspension were 2.4% of the concentration at 
1.28x10^ particles/ml and 1.5% of the concentration at 1.15x10^ particles/ml for 
LB30 suspension. These measurement results demonstrated that the proposed 
multiple angle light scattering system can be used to measure the concentration of the 
mono-dispersed suspensions at high concentrations (>4x10^particles/ml for L B ll 
and > 3x10^ particles/ml for LB30) when multiple scattering effects are significant.
4.3.2 Poly-dispersed system
The optical set up was also applied for differential measurement of particle 
concentrations in poly-dispersed suspensions. The experimental samples for the poly­
dispersed suspensions were prepared from mixtures of L B ll and LB30 suspensions. 
The calibration samples are presented in table A3 in the Appendix. The contour plot of 
the scattered intensities, scattering angles and the concentrations of the calibration 
samples are shown as figure 4.9a and 4.9b for L B ll and LB30 in poly-dispersion, 
respectively. The scattering patterns of the calibration samples of the poly-dispersed 
systems decayed more slowly compared to the scattering pattern of the mono­
dispersed systems. The scattering patterns exhibited some small ripples when the 
concentrations of the LB30 particles increased. At high concentrations of L B ll the 
ripples disappeared due to the domination of the scattered intensity by small particles. 
The scattered light intensities of the calibration samples were used to prepare the 
predictive model using PLS-R method. The PLS-R method used regression techniques 
to extract latent factors from both particle concentrations and scattered light intensities 
such that correlation between the extracted factors is maximized. Figure 4.10 shows 
the correlation between the predicted and reference values of the calibration samples.
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The regression results of the predictive models in mixed suspensions show that 
the correlations between reference concentrations and the predicted concentrations of 
the calibration samples were 0.993 for L B ll and 0.972 for LB30 (figure 4.10a and 
4.10b). These values show that the constructed models were suitable to use as the 
predictive model for mixture of LB ll and LB30. However, at lower concentrations 
(<10^particles/ml for L B ll and <10"^  particles/ml for LB30) the correlation between 
the reference and the predicted concentration of the calibration samples is less strong 
due to the limitations of the detector.
The angle dependent scattered light intensities of the test samples (a mixture of
1.1 pm and 3.0 pm polystyrene spheres (Mixed-LB No. 1-5)) were measured and the 
results are shown in figure 4.11. The concentration of each particle size in the test 
samples was predicted from the measured scattered intensities based on the predictive 
model presented in figure 4.10. The predicted results of the test samples are presented 
in table 4.5 and figure 4.12.
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Figure 4.11 Scattered intensities from test samples in poly-dispersed suspensions
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Table 4.5 Concentrations prediction result of the test samples of polystyrenes 3.0 
pm size suspensions (LB30-No.l-No.5) in mono-dispersed system
Test
Sample
Name
LB 11 particle concentration 
(particle /ml)
LB30 particle concentration 
(particle /ml)
Reference Predicted Standard
deviation %Error
Reference Predicted Standard
deviation
%Error
Mixed 
LB No.l 
Mixed
5.28x10" 6.08x10" 0.56x10" 15.15 4.40x10" 4.56x10" 0.59x10" 3.64
LB No.2 
Mixed
1.13x10’ 1.01x10’ 0.49x10’ 10.62 1.69x10" 1.59x10" 0.53x10" 5.92
LB No.3 
Mixed
1.09x10* 1.12x10* 0.02x10* 2.75 2.12x10" 2.45x10" 1.21x10" 15.57
LB No.4 3.66 X lO’ 3.37x10’ 0.42x10’ 7.92 2.12x10" 1.87x10" 1.51x10" 11.79
10“
Ç  ION
2Ü
t  loN 
(0
I
c
8c
8
0o
E
CD
CL
10" -=
10"
■ M easured LB30
•  Reference LB30
♦  M easured LBll
#  Reference LBll
!
 1----------------- 1-------- 1 1----------------
Mixed LB No.l Mixed LB No.2 Mixed LB No.3 Mixed LB No.4
T e s t sa m p le  n am e
Chapter 4 Particle concentration measurement 77
Figure 4.12 Prediction results for test samples in poly-dispersed suspensions.
Figure 4.11 shows the different light scattering patterns of the test samples 
with different mixed suspensions of L B ll and LB30. These scattered light intensities 
were predicted from the data in figure 4.12. The predicted particle concentrations of 
each particle size were in agreement with the reference values. The lowest error from 
the reference was 2.3% of the concentration of 1.09x10^ particles/ml for L B ll and 
3.5% of concentration of 4.40x10^ particles/ml for LB30 in poly-dispersed 
suspensions. These results illustrate that the proposed system can be also used to 
differentially measure the particle concentrations in poly-dispersed suspensions.
The results of the analysis of mono-dispersed and poly-dispersed suspensions 
prove that the combined techniques of multiple angle light scattering and PLS-R 
analysis can be used to differentially estimate particle concentrations in both mono­
dispersed and poly-dispersed suspensions and also at high concentrations where the 
multiple light scattering is significant.
4.4 SUMMARY
A simple, multiple-angle light scattering system has been developed that can 
differentially measure the concentration of different size particles in suspensions, even 
in high concentration when multiple scattering effects are significant. The system 
employs the multiple-angle dependent light scattering technique and partial least 
square regression method. It was validated by measuring concentrations of 
polystyrenes latex spheres in mono-dispersed and poly-dispersed aqueous suspensions. 
The measurement results showed good agreement between the predicted results and 
the reference values. The system that is described here can simultaneously measure 
multiple particle sizes, even in high concentration. This advantage of differential 
concentration measurement of particles in poly-dispersed suspensions can be further 
applied to measure concentration of microorganisms in water in the presence of other 
dissimilar sized particles.
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CHAPTER 5
PARTICLE SIZE AND REFRACTIVE INDEX MEASUREMENT
5.1 INTRODUCTION
Particle characterization is an important process in variety of industrial 
technological applications and also in many areas of scientific research. It has become 
an indispensable tool in many industrial processes for guiding or for assessing the 
progress of their investigations. Particle characterization has also been used to detect 
and identify microorganisms based on their physical and optical properties [102, 103, 
104, 105, 106, 107]. There are many techniques that have been applied to characterise 
particles: particle sizing [108, 109, 110, 111], refractive index measurement [112-113] 
and particle concentration measurement [114, 115, 116, 117]. As discussed in chapter 
2, light scattering is a function of particle size and refractive index. The general theory 
describing the light scattering by a spherical particle is the Mie theory [57], described 
in the following equations;
1  „ \ 2  0 1[2tcR)
L, =
(inR)2 0 //
Ê-Y^k^„(cos0)+6„r„(cos0)j (5.1)
n = i  nyn + 1] ]
i4^^kî'„(cos6>)+è„;r„(cos0)i (5.2)
«=i nyn + 1] ]
Where and /// are scattered intensities of polarized light perpendicular and parallel 
to the plane of incidence, respectively; Iq is intensity of incident light; X is wavelength 
of incident light; R is detecting distance; 6 is scattering angle; Tin and are functions 
of Legendre polynomials and scattering angle; and and are functions of size and 
refractive index of a particle and Bessel function.
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Light scattering is a non-invasive and highly sensitive technique. It is also easy 
to perform and has the potential for making real-time measurements. The light 
scattering technique, therefore, is widely applied for particle size measurement [88, 
89, 118, 119, 120], refractive index measurement [90, 91, 120], and particle 
concentration measurement [97, 98, 99, 101, 120].
In this chapter, a simple, multiple angle light scattering system was used to 
measure size and refractive index of particles in suspension. The system design 
combines multiple-angle detection, to collect normalized scattered angle dependent 
light intensities, and Mie theory, with experimental factor correction (by Snell’s law 
and using the Fresnel transmission) to generate calibration data. Partial least square 
regression techniques were used to generate predictive models and to predict the 
particle size and refractive index.
5.2 MATERIALS AND METHODS
5.2.1 Experimental samples
The performance of the analytical system was validated using polystyrene latex 
beads (Sigma-Aldrich, UK) of nominal 1.1 pm (LB 11) and nominal 3.0 pm (LB30) 
diameters suspended in de-ionised water as test samples. Sample concentrations were 
prepared to avoid the effects of multiple scattering. Heimo, Schnablegger and Otto 
Glatter have shown that the numerical inversion of the single scattering for size and 
refractive index measurement works well for samples with a transmittance of greater 
than 0.95 [96]. We therefore avoided the multiple scattering effect by diluting the 
samples with a transmittance > 0.95. The samples were prepared in the range of 
10^-10^ particles/ml for LB 11 and 10"^-10^ particles/ml for LB30 as shown in 
table 5.1.
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Table 5.1 Particle concentrations of the test samples.
Test 
Sample Name
LB 11 particle 
concentration 
(particle /ml)
Test 
Sample Name
LB30 particle 
concentration 
(particle /ml)
LBll-N o.l 6.04x10" LB30-NO.1 5.42x10"
LBll-No.2 3.02x10" LB30-NO.2 2.71x10"
LBll-No.3 1.06x10" LB30-NO.3 1.22x10"
LBll-No.4 7.55x10" LB30-No.4 6.77x10"
The transmittance of the test samples was measured. A diagram of the transmittance 
measurement equipment is shown in figure 5.1. A red AlGalnP diode laser was used 
as the light source and a photodiode was used as the detector. This equipment was 
modified from the single wavelength multiple angle light scattering equipment that 
was described in section 3.2.2 in Chapter 3. It was set to detect the scattered light 
signal at 0° scattering angle. To measure the transmittance of the suspension, an empty 
cuvette was first put in the beam of the illuminating light, the transmitted light was 
detected as incident intensity/ q as presented in figure 5.1a. The sample suspension 
was then put in the cuvette and the transmitted signal was measured to give the 
transmitted intensity/, as presented in figure 5.1b. This process was repeated 10 times
obtain get averages of and/,. The transmittance ( /)  of the suspension was
calculated from equation 5.3. The measured transmittance of the test samples are 
shown in figure 5.2.
T =
\ --------- 1
(5.3)
(a)
1 r1 - .TÎîVV. 1J 1 1 (b)
ÂIGaloP Diode laser Cuvette Detector (Photodiode)
Figure 5.1 Diagram of transmittance measurement set up for collecting (a) /^ and (b) /,.
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Figure 5.2 Transmittance measurements of suspensions of test samples (a) LBl 1 and 
(b) LB30 aqueous suspension.
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Figure 5.2 shows the transmittance coefficients of the test samples for LBl 1 and LB30 
aqueous suspensions. For both sizes of particle the results show that transmittance is 
reduced at higher particle concentrations. The measured transmittance values of all test 
samples were higher than 0.95, indicating that the multiple scattering effect can be 
neglected for these samples. The sizes of the particles in the test sample suspensions 
were also measured using a Scanning Electron Microscope (SEM) to provide 
reference values. The photos of the particles in sample suspensions taken by SEM are 
shown in figure 5.3. The particle sizes of each sample were measured for 20 different 
particles. The measured size distributions are presented in figures 5.4. The particle 
size from the size distribution (figure 5.4a) which was 1.11 ± 0.13 pm was used as the 
reference value of LBl 1. For the LB30 (figure 5.4b), the measured particle size used 
as the reference value was 3.08 ± 0.16 pm for the particle size measurement.
<5/2/2011 HV I S p o t  M ag  U e t I HhVV W U  I lil t ■ — ^ 2 U j y r i ——  
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Figure 5.3 Images of test samples by Scanning Electron Microscope for (a) LBl 1 and 
(b) LB30.
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5.2.2 Scattering correction
A. Refraction correction
Since the sample suspension was contained in a standard rectangular glass 
cuvette, with no special design, the effect of refraction at the surfaces of the cuvette 
will cause the scattering angle from particles in suspension {6j,,6g) to differ from 
scattering angles detected by the detector (^ )  as shown in figure 5.5.
Detector
(OS
Side
'OF
Front
Incident 
light Oo)
Sample cell
L
Figure 5.5 Light scattering due to refraction at the surface of the cuvette. Where No, 
Nj and N2 are refractive indices of air, glass cuvette and water, respectively. L is the 
cross section of the cuvette, R is detecting distance from the centre of the sample cell 
to the detector, r is distance from cuvette surface to detector and x is the position of 
the scattering particle measured from the cuvette surface.
Snell’s law, therefore, was applied to the theoretical scattered intensity from 
Mie theory to correct for the refraction effect at the cuvette surface. In figure 5.5, the 
incident light is scattered by particles in the beam. The scattered light from the 
particles detected by the detector would be further scattered by the front ( fp  ) and side 
(/gg) surfaces of the cuvette. Consider the scattered light from the particle in the
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incident beam at position x from the back surface, for the scattered light ray off the 
front of the cuvette it is clear that
Rcos^ = ^  + rcos0Qp
R sin^ = {L-x)tandp + rsm0^ 
From Snell’s law we can write
OF
e,OF sm
_ /  N y sin Or
Equation 5.4 can then be rewritten as
r =
Rcosd)- — 
2
cos#OF
(5.4)
(5.5)
(5.60
(5.90
By introducing equations 5.6 and 5.7 into equation 5.5, we obtained an equation 
describing the relationship between the actual scattering angle from the particle in 
solution {9p), scattering angle related to the detector {(j)) and the position of particle 
(x) in relation to the back surface of the cuvette as equation 5.8.
i? sin ^  = ( L -  x)tan Op +
Rcos<t)-
cos sin-1 N ,sm e„
#2 sin#^
\  ^0 j
C%8)
For the scattered light off the side of the cuvette we can get
Rœs(j) + L \ _- - x j  = rsm#05 +
L
r
—cot Oc
i?sin^zi = — + r  cos #05
Equation 5.10 can be rewritten as;
r =
Rsmcj)- — 
2
cos#
(5.9)
(5.10)
(5J1)
0 5
From Snell’s law;
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0 5 = sm
-1 #2 .   COS#r
V^o
(5.12)
Merging equations 5.9, 5.11 and 5.12 we get an equation describing the relationship 
between the actual scattering angle from the particle in solution ( 0^ ), the scattering 
angle related to the detector (ÿ ) and the position of particle (x) in relation to the back 
surface of the cuvette, as equation 5.13.
7?cosÿ = x +
i?sin^- L
cos sm-1
J
COS#c
COS#c + ~(cot#5 - l )  (5.13)
J J
A  computer program was written using equations 5.8 and 5.13 to calculate the actual 
scattering angle (# ^ ,# 5  ) of the scattered light from the scattering particle at position x
off the front and side surfaces of the cuvette. Since the cuvette’s width and length 
were L , the calculation is performed under condition that;
For scattered off the front of the cuvette
(Z —x)tan#^ < —
For scattered off the side of the cuvette
(Z-x)tan#5 > —
(5.14)
(5.15)
Consequently, the scattered light intensity from the particle at position x, detected by 
the detector at scattering angle (j) , was a collection of scattered intensities emerging 
from both the front and side face of the cuvette, as per equation 5.16.
-  h r { x ) + h , ( x ) (5.16)
Where and are scattered intensities from a particle in x position at
scattering angle Of and Os emerging from the front and side surfaces of the cuvette 
respectively. Therefore, the scattered light intensity from a particle in suspension in
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the beam of incident light detected by the detector at scattering angle (g^ can be written 
as equation 5.17.
4  “  \ [hp{x) ^
x=0
(5.17)
B. Fresnel transmission
As the scattered light crosses two interfaces of the cuvette; water-glass and 
glass-air as shown in figure 5.6, the transmission coefficients at the cuvette’s surfaces 
were taken into account for scattering correction.
t j ,
T ,J
Incident Scattering  
light particle
Cuvette
Figure 5.6 Scattered light crossing the cuvette’s surfaces, where N q is refractive index 
of air (1), is refractive index of glass (1.50) and refractive index of water 
(1.33).
According to FresnePs law, light scattering at different angles has different 
transmission coefficients. Consider the example where light goes from medium 2 to 1 
and then from 1 to 0, (2 ^  1 ^  0). The scattered electric field in medium 0 can be 
written as
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(5.18)
where and the Fresnel transmission coefficients for medium 1 to 0 and from
medium 2 to 1, respectively. and E^are the electric field in medium 2 and 0.
The general forms of the Fresnel coefficients of parallel ( //)  and perpendicular (_L) 
modes from medium i to medium j  are presented as follows [121];
2sin^^ cos^y 
sin(<9y + 9j )cos(6>, -  9j )
2sin^. COS0;
(5.19)
(5.20)
sm[6^ + 6j )
Therefore, from equations 5.18, 5.19 and 5.20, the transmission coefficients from 
medium 2 to medium 0 (fg^) figure 5.6 can be written as:
*02 ~ *01*12 ~
2 sin ^ 0 COS 2 sin^i cos ^ 2
sin(^i +^o)cos(^i - 6 q)jl^sin(^2 +^i)cos(^2 ~^iX
(5.21)
*02  “  * 01*12
2 sin 6q cos 6^  Y  ^  sin 0^  cos 6.
sin(^i + ^ 0 ) jl sin(^2 + ^i )
(5.22)
Snell’s law for these two surfaces can be written as ;
#2 siu^2 = AjSin^i =#oSin^o (5.23)
We can write 6^  and 0  ^ in term of 6  ^ as follows;
= sin -1
6q = sin —^sin^o
V^o
(5.24)
(5.25)
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In our set up the scattered light was perpendicular polarised light, therefore from 
equations. 5.22, 5.24 and 5.25, the transmission coefficients from medium 2 to 
medium 0 can be rewritten as equation 5.26.
t-ir\ —
2| ^sin0, I cos
-sin6>2jcos|^ sm"'|^ s^in02j sin & cos A sin ft + cos ft I —sin(
(5.26)
In equations 5.26, for the scattered electric field exiting the cuvette at the front surface
02 = 0f (5.27)
and the scattered electric field exiting the cuvette at the side surface.
= 90-6>5 0x28)
The transmission coefficients in equation 5.26 are fractional amplitudes; therefore, to 
get fractional intensities the coefficients are squared.
j'-L _ y2^0 “  V*20; (5.29)
From the combination of the refraction correction by Snell’s law and Fresnel 
transmission (equation 5.17 and 5.29), the scattered intensity from the particles in 
suspension, detected by the detector at scattering angle (j) , can be rewritten as
x=Q
(5.30)
This equation was applied to Mie theory to generate the scattered intensity from 
particles in suspension. The correction results of this equation are presented in section 
5.3.1.
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5.2.3 Experimental method
Reference signal 
detector
Beam
splitter
LensDiode laser
(AlGalnP Laser)
Scattered
Signal
detector
Sample
Cell
Objective
''Lens
Figure 5.7 Schematic of the experimental set up
The proposed technique predicts the size and refractive index of the particle 
from the measured scattered light intensity based on the scattering model generated 
from the theory. The optical system is shown in figure 5.7 and its operation is 
described in section 2.1. It was used to collect normalized angular resolved scattered 
light intensities from the sample suspension. The scattered light was collected between 
the angles of5° -  35°.
To determine the properties of the suspended particles in the samples, 
calibration models were generated using the Mie theory. The theoretical scattered 
intensity was calculated using a computer program called Mieplot 4.0 [77], and the 
results utilized as the calibration data. As described in section 2.1 the sample was 
contained in a cuvette, thus the theoretical calibration data had to be corrected to 
account for the optical properties of the sample cell. The generated scattered signals 
were corrected by Snell’s law and Fresnel transmission as described in section 5.2.2. 
The calibration data were generated for particles in the range of 0.05 to 7 pm diameter 
in steps of 0.05 pm suspended in water (refractive index of 1.33), and refractive index 
in the range of 1.30-1.70 in steps of 0.05. The generated calibration data were 
normalized at5°. Calibration models, or predictive models, were generated from the 
normalized calibration data using the PLS-R method. The normalized measured
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scattered signals from the investigated test samples were predicted for particle size and 
refractive index based on the generated calibration models.
5.3 RESULTS AND DISCUSSION
5.3.1 Scattering correction results
The theoretical scattered light, generated by the Mieplot program, was 
corrected for the properties of the sample cell, and scattered light from collection of 
particles in suspension using Snell’s law and Fresnel transmission. Scattered signals 
from the polystyrene latex spheres of diameters 1.1 and 3.0 pm, suspended in the de­
ionized water, were used to validate the corrections made to the model. Both 
theoretical and measured scattered light were normalized at 5° of scattering angle.
For the 1.1 pm size polystyrene spheres, the theoretical scattered intensities 
were simulated from a particle of 1.1 pm size and refractive index of 1.59 suspended 
in water (refractive index of 1.33 at incident wavelength of 658.4 nm) [122]. The 
theoretical scattered data for a 3.0 pm size polystyrenes sphere were simulated from a 
particle of 3.0 pm size and refractive index of 1.59 in suspended water at incident 
wavelength of 658.4 nm. The scattered data were simulated from 5° to 35° in steps of 
r .  Figure 5.8 shows the fit between experimental data, simulation data from Mie 
theory and simulation data from Mie theory with corrections.
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Mie theory
Mie theory with refraction correction 
X Experimental data
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Mie theory
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X Experimental data_________________
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Figure 5.8 Comparison of the effect of scattering angle on the normalised scattered 
light intensity as determined from experimental data and from modelled data with and 
without refraction correction, (a) 1.1 pm polystyrene spheres and (b) 3.0 pm 
polystyrene spheres in suspension.
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Figure 5.8 sho'ws that for both sizes of spheres the normalized scattered light measured 
by experiment (*) resembled more strongly the normalized scattered light generated 
from Mie theory with the correction (solid red line) than the normalized scattered light 
generated only from Mie theory (solid black line). Figure 5.8a presents the normalized 
scattered intensities of 1.1 pm size polystyrene spheres suspended in de-ionised water 
from experiment and theory with and without corrections. The results show that the 
scattered light intensity varied according to the scattering angles, and that the 
maximum scattered intensity occurred at an angle of 5°. The scattering pattern from a 
particle calculated using the Mie theory decayed faster than the scattering pattern from 
a particle calculated from Mie theory with corrections. From the light intensity curves 
in Figure 5.8a, it is clear that the normalized scattered intensity from Mie theory with 
corrections fitted well to the normalized scattered intensity measured from the 
experiment. The correlation between normalized scattered light intensities from the 
experimental measurements and the theoretical intensities produced by the application 
of the Mie theory with corrections was 0.996, whereas the correlations experimental 
measurements and the Mie theory calculations without correction was 0.894. Figure 
5.8b shows the scattering intensities for 3.0 pm size polystyrene latex spheres 
suspended in de-ionised water. The scattering pattern produced by the application of 
the Mie theory changed rapidly to reach a minimum at ~ 8° scattering angle; it then 
followed an undulating pattern as the scattering angle increased. In contrast the decay 
of scattered light intensity was slower using the Mie theory with corrections, and 
peaks of the curve were smaller and showed a shift to the bigger scattering angles, 
which corresponded well with the pattern of scattered light intensity measured by 
experiment. The correlation between normalized scattered signals measured by 
experiment to the theoretical scattered signals produced by the Mie theory with 
corrections and Mie theory without corrections were 0.979 and 0.685, respectively. 
These fitting results between normalized scattered intensities between experiment and 
Mie theory with and without corrections showed that the presented correction methods 
by Snell’s law and Fresnel transmission were effective to correct the factor caused by 
the combination of particles and apparatus in this set up.
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5.3.2 Calibration models
The calibration models for predicting the size and refractive index of particle in 
this experiment were generated from calibration data which were simulated the Mie 
theory via the Mieplot program with corrections of the cuvette. The calibration data 
were simulated from particles in range of 0.05 to 7 pm diameter in steps of 0.05 pm, 
with a refractive index in the range of 1.30-1.70 in steps of 0.05pm suspended in 
water. Predictions of the particle sizes in test samples were made based on the 
calibration curve via PLS-R method. The graphs of normalized scattered intensities, 
scattering angle and size at certain refractive index of the calibration data and their 
regression results for generating the calibration models by PLS-R are shown in figures 
5.9-5.17 part a. Part b of figure 5.9-5.17 show the regression result of the calibration 
models for particle size measurement. The measurement results of particle size for 
each test sample were selected from the predicted results by PLS-R with the lowest 
standard deviation. For the refractive index measurement of the particle in suspension, 
the normalized scattered light intensities measured from the test samples were 
predicted for the refractive index based on the calibration models which were 
composed from the calibration data at constant measured particle size. The graphs of 
calibration data for refractive index measurement which show the scattered intensities, 
scattering angles and refractive index are presented in part a of figure 5.18-5.25. These 
were used to generate the calibration models for predicting refractive index using PLS- 
R. The regression results by PLS-R of the calibration models for refractive index 
measurement are shown in figure 5.18-5.25 part b.
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Figure 5.9 Calibration sample generated particle with refractive index of 1.30 in water, 
(a) Graph of angle dependent scattered intensities, (b) Results of the regression of the 
predictive model.
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Figure 5.10 Calibration data of particle with refractive index of 1.35 suspended in 
water, (a) Relative graph of scattering angle, Size and angle dependent scattered 
intensity, (b) Regression result of the calibration model.
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Figure 5.11 Calibration data of particle with refractive index of 1.40 suspended in
water, (a) Relative graph of scattering angle, Size and angle dependent scattered
intensity, (b) Regression result of the calibration model.
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Figure 5.12 Calibration data of particle with refractive index of 1.45 suspended in 
water, (a) Relative graph of scattering angle, Size and angle dependent scattered 
intensity, (b) Regression result of the calibration model.
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Figure 5.13 Calibration data of particle with refractive index of 1.50 suspended in 
water, (a) Relative graph of scattering angle, Size and angle dependent scattered 
intensity, (b) Regression result of the calibration model.
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Figure 5.14 Calibration data of particle with refractive index of 1.55 suspended in
water, (a) Relative graph of scattering angle. Size and angle dependent scattered
intensity, (b) Regression result of the calibration model.
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Figure 5.15 Calibration data of particle with refractive index of 1.60 suspended in 
water, (a) Relative graph of scattering angle, Size and angle dependent scattered 
intensity, (b) Regression result of the calibration model.
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Figure 5.16 Calibration data of particle with refractive index of 1.65 suspended in 
water, (a) Relative graph of scattering angle, Size and angle dependent scattered 
intensity, (b) Regression result of the calibration model.
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Figure 5.17 Calibration data of particle with refractive index of 1.70 suspended in
water, (a) Relative graph of scattering angle. Size and angle dependent scattered
intensity, (b) Regression result of the calibration model.
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Figure 5.18 Calibration data for a particle of diameter 0.95pm (a) Relative graph of 
scattering angle, refractive index and angle dependent scattered intensity, (b) 
Regression result of the calibration model.
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Figure 5.19 Calibration data for a particle of diameter 1.00 pm (a) Relative graph of 
scattering angle, refractive index and angle dependent scattered intensity, (b) 
Regression result of the calibration model.
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Figure 5.20 Calibration data for a particle of diameter 1.05 pm (a) Relative graph of
scattering angle, refractive index and angle dependent scattered intensity, (b)
Regression result of the calibration model.
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Figure 5.21 Calibration data for a particle of diameter 1.10 pm (a) Relative graph of 
scattering angle, refractive index and angle dependent scattered intensity, (b) 
Regression result of the calibration model.
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Figure 5.22 Calibration data for a particle of diameter 2.70 pm (a) Relative graph of 
scattering angle, refractive index and angle dependent scattered intensity, (b) 
Regression result of the calibration model.
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Figure 5.23 Calibration data for a particle of diameter 2.80 pm (a) Relative graph of
scattering angle, refractive index and angle dependent scattered intensity, (b)
Regression result of the calibration model.
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Figure 5.24 Calibration data for a particle of diameter 3.10 pm (a) Relative graph of 
scattering angle, refractive index and angle dependent scattered intensity, (b) 
Regression result of the calibration model.
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Figure 5.25 Calibration data for a particle of diameter 3.30 pm (a) Relative graph of 
scattering angle, refractive index and angle dependent scattered intensity, (b) 
Regression result of the calibration model.
Figures 5.9a-5.25a clearly show that the scattered light intensities from the calibration 
samples were different for each refractive index and particle size. At a low refractive 
index (<1.40), the scattering patterns had the highest intensities at a scattering angle of 
5°. The scattered intensities slowly decreased for particles with a diameter of 2 pm or 
less, but decreased at a faster rate when the particle size increased. At higher refractive 
index (>1.40), the scattered intensities showed the undulating (ripple) patterns 
described earlier in this section. The ripples occurred only with large particles (>4 pm 
diameter) with a refractive index of approximately 1.45. When the refractive index
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increased the ripples were evident with particles that had a smaller diameter (figures 
5.13a-5.17a and 5.22a-5.25a). The greatest number of ripples on scattering patterns 
was observed with the combination of large particle size and high refractive index. 
These simulated scattered intensities of calibration samples showed that the larger the 
particle size and the greater the refractive index, the more complex the scattering 
patterns.
The normalized scattered light intensities for particle size measurement 
presented in figures 5.9a- 5.17a were composed to calibration models using the 
regression method. The regression analysis is presented as graphs of reference and 
predicted particle sizes of the calibration samples (5.9b-5.17b). The regression results 
of the calibration models for particle size measurement showed that the correlation of 
the predicted and reference particle sizes of the calibration samples was between 
0.991-0.999. These values indicate that the generated models can be used as the basis 
of calibration models for particle size measurement in the aqueous suspension, 
provided the particle has a diameter between 0.05-7.00 pm, and a refractive index of 
1.30-1.70. For refractive index measurement, the normalized scattered intensities 
shown in figures 5.18a-5.25a were composed to calibration models. The regression 
curves of reference and predicted refractive indices are presented in figures 5.18b- 
5.25b. The regression analysis of the calibration models for refractive index 
measurement, prepared from the measured particle sizes, had a good correlation of the 
predicted and reference refractive index (0.986-0.999). Thus the calibration models are 
suitable for refractive index measurement for particles with sizes of 0.05-7.00 pm, 
with a refractive index of 1.30-1.70 suspended in the water.
5.3.3 Particle size and refractive index measurement
The test samples described in section 5.2.1 were analysed for the normalized 
angle dependent scattered light intensities using the proposed set up. The normalized 
scattered intensities are shown in figure 5.26 for a polystyrene sphere of nominal 
diameter 1.1 pm in aqueous suspensions, and in figure 5.27 for a polystyrene sphere of 
nominal diameter 3.0 pm in aqueous suspensions.
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Figure 5.26 Normalized scattered intensities of a polystyrene sphere of nominal 
diameter 1.1 pm in aqueous suspension.
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Figure 5.27 Normalized scattered intensities of a polystyrene sphere of nominal 
diameter 3.0 pm in aqueous suspension
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The normalized scattered light signals were estimated for the particle size 
based on the predictive models generated from Mie theory with corrections (figure 5.9 
-5 .17). The prediction results are shown in figure 5.28 for LB 11 and figure 5.29 for 
LB30. The normalized scattered light intensities of the test samples were also 
predicted for the refractive index of the particle in the test sample suspensions. The 
normalized scattered signals were predicted based on the models shown in figures 
5.18-2.25, which were generated from the calibration data generated from Mie theory 
with corrections, and corresponded to the predicted particle sizes. The predicted 
results of the particles’ refractive indices are shown in figure 5.30 for L B ll and figure 
5.31 for LB30.
Predicted result 
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Figure 5.28 Prediction results of size of the test samples LBl 1 compared to measured 
size from SEM.
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Figure 5.29 Prediction results of size of the test samples LB30 compared to measured 
size from SEM.
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Figure 5.30 Prediction results of refractive index of the test samples LBl 1 compared 
to reference value.
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Figure 5.31 Prediction results of refractive index of the test samples LB30 compared 
to reference value.
Figures 5.28 and 5.29 show the predicted particle sizes calculated from the normalized 
scattered intensities of the test samples and the particle sizes measured from the 
Scanning Electron Microscope (SEM). The particle size measurement results 
predicted from normalized scattered intensities of LB 11-No. 1-4 showed good 
agreement between measured particles’ sizes from the proposed system and SEM. The 
results measured by the optical system were0.94±0.17,1.01 ±0.16, 1.09± 0.17 and
1.06 ± 0.15 jam, respectively while as the particle size measured by SEM was 
1.11 ±0.13for nominal size 1.10 jam particle (LBll). For the particle with a nominal 
diameter of 3.00 jam, the results predicted from normalized scattered intensities of 
LB30-NO.1-4 were 3.29 ± 0.37,3.11 ± 0.40,2.71 ± 0.38 and 2.82 ±0.30 jam. The 
reference particle size measured by SEM was 3.08 ± 0.16 jam. The refractive indices of 
the particles in test samples were also predicted from the normalized scattered 
intensities of LB ll and LB30 suspensions. The measurement results of the particle 
refractive indices (figures 5.30 and 5.31) showed that the predicted refractive indices
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of both L B ll and LB 30 corresponded to the reference value (1.59). The ranges of the 
predicted results covered the reference value. The results measured by the optical 
system were 1.43±0.37,1.53±0.17,1.64±0.48, and 1.59±0.39 for 1.10 jam 
particles and 1.60 ±0.34, 1.50 ±0.28, 1.67 ±0.35, and 1.49 ±0.35 for 3.00 jam 
particle. The experimental analysis of both particle size and refractive indices of the 
test samples L B ll showed that the most accurate result was achieved at a particle 
concentration of 7x10^ to 1x10^ particles/ml, whilst the least accurate result occurred 
at a particle concentration above 6x10^ particles/ml as the effect of multiple 
scattering. Results from the analysis of LB30 showed that the optimum particle 
concentration for estimating particle size and refractive index by the proposed system 
was between 2x10^ and 5x10^ particles/ml. However, the same particles in other 
concentration ranges could also be used to estimate particle size and refractive index, 
but with lower accuracy. Particle concentrations higher than the recommended ranges 
might cause the effect of multiple scattering. Conversely, particle concentrations in 
lower than the recommended ranges, the scattered light intensities from the suspension 
might be below the sensitivity of detectors. However, the results demonstrated that the 
proposed system can be used to measure the size and refractive index of particles 
suspended in water by analysis of the angle dependent scattered light intensities.
5.4 SUMMARY
In this chapter, the proposed simple, multi-angle light scattering system has 
been used to measure the size and refractive index of particles suspended in water. The 
aim was to predict the size and refractive index of particles in suspension by 
measuring the normalized scattered angle dependent light from the particles and 
comparing the results to calibration models which were generated by the application of 
established theories and the partial least square regression method.
The system design combines multiple-angle detection to collect normalized 
scattered angle dependent light intensities, Mie theory with corrections by Snell’s law 
and Fresnel transmission, to generate calibration data, and partial least square 
regression method (PLS-R) to generate predictive models and predict the particle size
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and refractive index. The mathematical algorithm for the corrections by Snell’s law 
and Fresnel transmission were derived and applied to simulated scattered intensities 
from Mie theory for generating the calibration data.
The correction results showed a good correlation between normalized scattered 
intensities measured by experiment, and those generated from Mie theory with 
corrections. The PLS-R was used to create the calibration or predictive models from 
the calibration data, and also used to predict the particle size and refractive index from 
the scattered intensities of the test samples. The polystyrene spheres in nominal size of
1.1 and 3.0 pm suspended in de-ionized water were used as test samples. The test 
sample suspensions were prepared at a concentration that would avoid multiple 
scattering effects. The transmissions of the test samples were measured to confirm that 
the multiple scattering effects in the sample suspension were not significant. The 
measurement results of the particle sizes and refractive indices of the test samples 
showed good agreement between the measured results and reference values. The most 
accurate of the predicted and reference values were observed at particle concentrations 
between 7x10^to 1x10^particles/ml for LB ll and 2x10^ to 5x10^ particles/ml for 
LB30. The experimental results that have been described here demonstrate that the 
proposed system can be used to measure particle size and refractive index of particle 
suspended in water from the angle dependent scattered intensities. As this system can 
be used to measure the physical property (size) and optical property (refractive index) 
of particles suspended in water, therefore this proposed system can be applied to 
identify particles in size of size of 0.05-7.00 pm, with a refractive index of 1.30-1.70 
in suspension based on their size and refractive index, such as Cryptosporidium.
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CHAPTER 6
DUAL WAVELENGTH MULTI-ANGLE LIGHT SCATTERING FOR 
PARTICLE IDENTIFICATION
6.1 INTRODUCTION
Particle identification is the method used in many areas such as microorganism 
measurement, cell analysis, contamination detection etc. A variety of techniques have 
been developed for the analysis of particles. For example, mass spectrometry uses the 
molecular components (mass to charge ratio intensity) to determine the elemental 
composition of a sample or molecule, and for elucidating the chemical structure of 
molecules [123,124,125,126]. Fluorescence spectrometry analyzes the fluorescence 
from a sample. It uses a beam of light that excites the electrons in molecules of certain 
compounds and causes them to emit light [127,128]. It has been used to identify 
microorganisms [129,130]. Flow cytometry can also be utilized to identify 
microorganisms [131,132,133]. It uses the principles of light scattering, light 
excitation, and the emission from fluorochrome molecules to generate specific multi­
parameter data from particles and cells [134]. Capillary electrophoresis also has been 
used for the analysis, identification, and characterization of microorganisms [135]. 
Some of these procedures require the preparation of a sample, such as bacterial 
cultures, which dramatically lengthens the analysis time. Some methods need special 
instruments for detection.
In this chapter a dual wavelength multiple angle light scattering system 
developed for a means of particle identification will be presented. The system design 
combines two multiple angle light scattering systems with different wavelengths, 
which operate simultaneously, to collect relative wavelength dependent scattering 
pattern from the particles in suspension as a means of particle identification. The 
effects of particle size and refractive index and the illuminating wavelength to the light 
scattering will be first determined using simulation. The effect of the illuminating
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wavelengths used in this research (red and violet wavelengths) will also be tested by 
measuring particle concentration measurement in different particle size. The relative 
wavelength scattering patterns from polystyrenes sphere particles of difference sizes 
and from the bacterium E.coli measured by the proposed dual wavelength multiple- 
angle light scattering system will presented in the last section.
6.2 EFFECTS OF SIZE, REFRACTIVE INDEX AND WAVELENGTH ON 
SCATTERIN G PATTERN
Using the theories presented in chapter 2, we can simulate light scattering data 
from particles in suspension to examine the effect of particle size and refractive index 
and illuminating wavelength on the scattered light intensity. The Mieplot program was 
used to generate the scattering intensity based on the Mie and Rayleigh theories 
[136,137].
6.2.1 The effect of particle size and refractive index on the light scattering
Size and refractive index are the specific properties of each particle. The light 
scattering patterns from particles of different size and refractive index were studied in 
this section. The studies used the simulation program (Mieplot) to generate the 
scattering data from given particles suspended in a given medium. In this investigation 
the simulation was performed using an illuminating light in red wavelength which was 
provided by HeNe laser (wavelength of 633 nm) which was used in the light scattering 
experiment. The particles were suspended in deionised water (refractive index of 1.33 
at wavelength of 633 nm) [138]. The particles used for simulation were spherical with 
sizes of 0.1, 0.5, 1, 2.5, 5 and 10 pm and refractive indices of 1.35, 1.40, 1.45, 1.50 
and 1.60. The results of the simulated scattering patterns are shown in figures 6.1-6.6.
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Figure 6.1 Plot of Mie theory calculation demonstrating the effects of refractive index 
on light scattering at particle size 0.1 pm suspended in aqueous suspension with 
illuminating wavelength of 633 nm.
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Figure 6.2 Plot of Mie theory calculation demonstrating the effects of refractive index
on light scattering at particle size 0.5 pm suspended in aqueous suspension with
illuminating wavelength of 633 nm.
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Figure 6.3 Plot of Mie theory calculation demonstrating the effects of refractive index 
on light scattering at particle size 1 pm suspended in aqueous suspension with 
illuminating wavelength of 633 nm.
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Figure 6.4 Plot of Mie theory calculation demonstrating the effects of refractive index
on light scattering at particle size 2.5 pm suspended in aqueous suspension with
illuminating wavelength of 633 nm.
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Figure 6.5 Plot of Mie theory calculations demonstrating the effects of refractive index 
on light scattering at particle size 5 pm suspended in aqueous suspension with 
illuminating wavelength of 633 nm.
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Figure 6.6 Plot of Mie theory calculation demonstrating the effects of refractive index
on light scattering at particle size 10 pm suspended in aqueous suspension with
illuminating wavelength of 633 nm.
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The simulation results for a particle size of 0.1 pm (figure 6.1) show that when the 
particle is very small compared to the incident wavelength, the scattering patterns in 
the Rayleigh regime were obtained. The electric field exciting the particle can be 
considered as uniform field; therefore, the scattered intensities obtained from particles 
of this size were isotropic patterns. For the large particles, where the electric field 
inside the scattering particle cannot be considered as uniform, the complexity of the 
scattering is increased. The scattering patterns show ripples as presented in the figures 
6.2-6.6. These ripples in the scattering patterns occur as a result of the constructive 
and destructive interference along different paths. The scattering patterns also show 
that forward scattering dominated over back scattering, which is shown by the 
magnitude of the scattering pattern measured from the forward scattering angles being 
higher than the backward scattering angles.
Sensitivity of the scattering magnitude to the particle size was also investigated. 
Consider the scattering intensities in figures 6.1-6.6 that have been generated by the 
particles with a refractive index of 1.35. The magnitude of the forward scattering 
intensities (0°) were in range of 10"% 10"% 10% 10% 10  ^and 10  ^ for particles of 
sizes 0.1, 0.5, 1, 2.5, 5 and 10 pm, respectively. For the back scattering (180°) from 
the particle of 1.35 refractive index, the magnitude of the scattered intensities 
were5x10"%4x10""^, 10"% 5x10"% 10"  ^and 10"^  for particles of size 0.1, 0.5, 1, 2.5, 
5 and 10 pm, respectively. Comparison between the scattered intensities from each 
particle size with a giving refractive index shows that the particle size also determines 
the magnitude of the scattering patterns: the bigger the particle size, the higher the 
scattered intensities.
The effect of the refractive index of the particle on scattering patterns can also be 
considered from figures 6.1-6.6. Consider the scattering patterns from a given particle 
size in each figure. The patterns of scattered intensities from the particle with the same 
size but different refractive index have the same patterns especially for the particle 
size in the Rayleigh regime. For the larger particles, with different refractive indices 
the scattering patterns are the same, especially in forward scattering although there are
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some differences in the back scattering. Even though the patterns of scattered 
intensities have the same behaviour, they still show a shift in angle of the pattern when 
the refractive index increases. The difference of the refractive index also causes the 
difference in scattering magnitudes. The plotted scattering patterns show that the 
scattered intensity is proportional to the refractive index of the spheres.
In summary, the plots of scattered intensities from the particles in the range of 
0.1 -  10 pm, with a refractive index of 1.35-1.60 show that the effects of particle size 
on the light scattering are significant for total scattered intensity and differential 
intensity, for each scattering angle, and for each refractive index. The particle size 
also strongly determines the shape of scattering. For the large particles, the increased 
complexity of the scattering is an indicator of its extreme sensitivity to size. For the 
refractive index dependence, the shapes of the scattering pattern are weakly dependent 
on the refractive index for each particle size, but differential intensity for each 
scattering angle is still significant due to the shifting of the scattering patterns. The 
overall scattered intensity also correlates well with refractive index.
6.2.2 The effect of illuminating wavelength on light scattering
The illuminating wavelength was studied for its effect on light scattering. The 
scattering intensities were simulated for an incident wavelength fi-om 400-700 nm 
increasing in steps of 50 nm. The scattering particles in suspension were made of 
polystyrene and cellulose, which have refractive indices dependent on the illuminating 
wavelength, as shown in table 6.1. The particle sizes used in the simulations were 
0.05, 0.1, 1, and 5pm. The simulation results of wavelength effect on the scattering 
patterns are presented in figure 6.7-6.11 for cellulose particles, and 6.12-6.16 for 
polystyrene particles.
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Table 6.1 The refractive index of scattering particles and medium used for studying 
the effects of wavelength on light scattering [138].
Wavelength
(nm)
Refractive index
Medium (water) Polystyrene Cellulose
400 1.339 1.617 1.480
450 1.337 1.613 1.479
500 1.335 1.603 1.476
550 1.333 1.596 1.473
600 1.332 1.590 1.470
650 1.331 1.586 1.468
700 1.331 1.582 1.466
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Figure 6.7 Plot of Mie theory calculation demonstrating the effects of incident
wavelength to light scattering of cellulose particle of size 0.05 pm in aqueous
suspension.
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Figure 6.8 Plot of Mie theory calculation demonstrating the effects of incident 
wavelength to light scattering of cellulose particle of size 0.1 pm in aqueous 
suspension.
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Figure 6.9 Plot of Mie theory calculation demonstrating the effects of incident 
wavelength to light scattering of cellulose particle of size 1 pm in aqueous suspension.
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Figure 6.10 Plot of Mie theory calculation demonstrating the effects of incident 
wavelength to light scattering of cellulose particle of size 5 pm in aqueous suspension.
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Figure 6.11 Plot of Mie theory calculation demonstrating the effects of incident 
wavelength to light scattering of polystyrene particle of size 0.05 pm in aqueous 
suspension.
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Figure 6.12 Plot of Mie theory calculation demonstrating the effects of incident 
wavelength to light scattering of polystyrene particle of size 0.1 pm in aqueous 
suspension.
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Figure 6.13 Plot of Mie theory calculation demonstrating the effects of incident
wavelength to light scattering of polystyrene particle of size 1 pm in aqueous
suspension.
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Figure 6.14 Plot of Mie theory calculation demonstrating the effects of incident 
wavelength to light scattering of polystyrene particle of size 5 pm in aqueous 
suspension.
Figures 6.7-6.14 show the simulated effects of the wavelength of incident light on the 
scattering patterns. The simulated effect of scattering patterns generated by small 
particles of both cellulose and polystyrene are shown in figure 6.7, 6.8, 6.11 and 6.12. 
The graphs show that the the different illuminating wavelengths produce the same 
shape of scattered light intensities. The scattering patterns depend relatively weakly on 
the scattering angle. The scattering patterns at different incident wavelengths 
produced by the large particles (figure 6.9, 6.10, 6.13 and 6.14) are also the same, but 
they have differential intensities at the same scattering angle. The scattering patterns 
are shifting to the back scattering angle when the illuminating wavelength increases.
The simulation graphs for the small particles also show that the amounts of 
scattered intensities depend on the wavelength of the ineident light which is the short 
wavelength will scatter more than the long wavelength. This response to wavelength 
was not observed with large particles. In summary, the wavelength of the illuminating 
light has a strong effect on the scattered light intensities for particles that are small
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relative to the wavelength. The scattered light intensity from the short wavelength was 
stronger than the scattered intensity from the long wavelength for the small particle. 
For particles in the range of micrometres, it shows that the wavelength has a weak 
effect on the total intensity, but it has strong effect on the differential intensity at each 
scattering angle.
The effect of wavelength on light scattering was also examined by experiment. 
The scattered light intensity from polystyrene spheres of 100 nm and 300 nm diameter 
in aqueous suspension, and at different concentrations, were measured using 
illuminating wavelength of both short wavelength (violet InGaN laser ) and long 
wavelength (red AlGalnP laser). The concentration of partieles used in this experiment 
were 0.10 - 32.16 mg/1 (equivalent to 1.82x10^-5.85x10*° particles /ml) for 
polystyrene spheres of 100 nm and 0.02 -  24.12 mg/1 (equivalent to 1.35x10°- 
1.62x10° particles /ml) for polystyrene spheres of 300 nm. The experimental set up is 
shown in figure 6.15.
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Figure 6.15 Experimental set up for collecting the data to determine the effect of 
wavelength on light scattering
Chapter 6 Dual wavelength multi-angle light scattering for particle identification 121
The set up consists of a laser emitting either red or blue light, a beam splitter dividing 
light beam to form the reference and main signal, detectors detecting reference (Dl) 
and scattered signals (D2), a chopper creating the signal for the lock-in amplifier, 
lenses focusing light beam onto sample cell and scattered light onto detector (D2), a 
sample cell used to let sample flow through, a multimeter collecting the reference 
signal, a lock-in amplifier amplifying the scattered signal and cleaning up noise and a 
computer analysing the data.
The operation begins with the laser light from the diode laser being divided 
into two parts by the beam splitter (glass slide). The first part is detected by the 
photodeteetor (Photodiode; Dl) to give a reference signal, and then collected by the 
multimeter. The main light beam is incident onto the sample contained in the sample 
cell. Scattered light from the partieles in suspension is propagated through an objective 
lens (magnitude X 20, 0.5NA) and then detected at 90° by another photodeteetor 
(Photodiode; D2). A lock-in amplifier is used to amplify the scattered signal, clean 
noise and collect scattering data. Both the reference signal and scattered signal are 
analysed to calculate the relative scattered intensities from each sample. The results 
are presented as line graphs to show the correlation between particle concentrations 
and relative scattered intensities (figure 6.16-6.19).
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Figure 6.16 The relationship between particle concentration and scattered intensity of
lOOnm polystyrene sphere suspension using a violet laser as the light source.
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Figure 6.18 The relationship between particle concentration and scattered intensity of 
3OOnm polystyrene sphere suspension using a violet laser as the light source
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Figure 6.19 The relationship between particle concentration and scattered intensity of 
300 nm polystyrene sphere suspension using a red laser as the light source
From data shown in figures 6.16-6.19, the relative scattered intensities vary 
proportionally to the particle concentration, except at low particle concentrations. 
Under these conditions the detector cannot separate the signal created by the presence 
of the particles from the background signal. The graphs of particle concentration and 
relative scattered intensities show that when using the red laser as the light source for 
measuring lOOnm polystyrene latex beads solutions (figure 6.17), the scattered light 
from the suspension is linearly proportional to the particle concentration when the 
particle concentration is more than 4.02 mg/l (7.31x10^ particles/ml). By contrast, 
when using the violet light light source the scattered light intensity is proportional to 
the particle concentration down to 0.20 mg/l (3.65x10^ particles/ml) as presented in 
figure 6.16. For the 300nm polystyrene sphere suspensions, the graphs show that the 
relative scattered light intensity is proportional to the particle concentration down to
5.05 mg/l (3.38 x 10  ^ particles/ml) when using the red laser, and 0.20 mg/l 
(1.35x10^ particles/ml) when using the violet laser (figure 6.19 and 6.18, 
respectively). These results show that violet light is better able to selectively detect
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particles of 100 and 3OOnm diameter in suspension than red light. These results 
correlate to the results Jfiom the simulation method presented in section 6.2.2, which 
demonstrated that the wavelength has a strong effect on the scattered light intensity for 
small particles compared to the wavelength.
6.3 DUAL WAVELENGTH MULTIPLE ANGLE LIGHT SCATTERING FOR 
PARTICLE IDENTIFICATION
As the light scattering is determined by the properties of the particle, the 
illuminating wavelength, and the scattering angle (see section 6.2), and since it has 
been demonstrated also that side-scattering with perpendicular light scatter is sensitive 
to small internal structure and to refractive index changes [139], these properties were 
used to develop a dual wavelength multiple angle light scattering system for particle 
identification. The set-up was designed to collect the ratio of the scattered light 
intensities from two illuminating light sources (red and violet wavelengths) at multiple 
scattering angles. The set up and operation of the dual-wavelength, multiple-angle 
light scattering system was described in Chapter 3. The relative scattered intensities of 
red to violet wavelength (RA/) in multiple scattering angles from 5° -6 5 ° , generated 
by the particles in the suspension, were collected as fingerprints for particle 
identification. The presented system was applied to suspensions of polystyrenes 
spheres of size 0.1 pm (LBl), 0.3 pm (LB3), 1.1 pm (LB ll) and 3.0 pm (LB30), and 
bacteria Escherichia coli {E.coli). The measurement results for each particle 
suspension are presented in figure 6.20-6.24 and a comparison graph of relative 
scattered light fi-om each sample is shown in figure 6.25.
Chapter 6 Dual wavelength multi-angle light scattering for particle identification 125
1.2
 LBl  LB31.0
Îm 0.8 
.1 
%
I
■■S' 0.9 -
§
g  0.4
(a) -0.0
0 10 20 30 40 SO 60 70 0 10 20 30 40 7050
Scattering angle (degrees) Scattering angle (degrees)
 LBll
3 .0 -
(c)-
0 10 20 30 50 6040 70
«
3.5
 LB303.0
2.5
1.5
1.0
0.5
0 10 20 30 7040 50 60
Scattering angle (degrees) Scattering angle (degrees)
2.6
Eco II
2.4 
« 2.2
I .£  2.0
1ê3
w 1.6 
.1
1.4
1
1.2
1.0
0.8 0 10 5020 30 40 60 70
Scattering angle (degrees)
Figure 6.20 The R/V relative scattered light from aqueous suspensions of the 
polystyrene sphere of size (a) 0.1 pm, (b) 0.3 pm, (c) 1.1 pm, (d) 3.0 pm and 
(e) Bacteria E. coli.
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Figure 6.21 Comparison graph of R7V relative scattered intensity of polystyrenes 
in size 0.1, 0.3, 1.1 and 3.0 p and E.coli.
The red/violet (R/V) relative scattered light intensities from the polystyrene spheres 
smaller than the incident wavelength in aqueous suspension are presented in figure 
6.20 a (0.1 pm) and 6.20 b (0.3 pm). The data shows that the R/V relative scattered 
intensities have smooth patterns due to the seattering patterns of both wavelengths 
from the small particles being isotropic. The R/V relative scattered intensity from the 
smaller particle (0.1 pm) decayed smoothly when the scattering increased. This 
indicates that for the small particle compared to the wavelength, the scattered intensity 
from the short wavelength (violet light) dominates the scattered intensity from the long 
wavelength (red light). For the aqueous suspension of particle size 0.3 pm, the R/V 
relative scattered intensity also decayed smoothly in the forward seattering, but it was 
rising when the scattering angle increased to the side scattering. These results indicate 
that for the larger particle the scattered intensity by the long wavelength is influencing 
the R/V relative scattered intensity. The influence of the long wavelength scattered 
intensity to the R/V relative scattered intensities can be seen clearly in the R/V relative
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scattered intensities from polystyrene sphere suspensions of sizes 1.1 pm and 3.0 pm 
(figures 6.20c and 6.20d, respectively). Moreover, ripples of the RA^ relative scattered 
intensity occurred in the polystyrene sphere suspensions of both 1.1 and 3.0 pm. The 
ripples began with the R/Y  scattered intensity of the polystyrene sphere suspensions of 
1.1pm. They increased when the particle size increased, which can be seen by the R/Y  
scattered intensity of the 3.0 pm polystyrene sphere suspensions. These ripples result 
from the complexity of the electric field induced by polarization in the particles since 
the electric field of the illuminating light in the particles in size of 1.1 and 3.0 pm are 
not as uniform as the field inside the particles of 0.1 and 0.3 pm as illustrated in figure 
6.22.
Small particle relative to 
wavelength
Incident wave
Big particle relative to 
wavelength
Figure 6.22 Illustration of electric field inside particles. The field inside a small 
particle is more uniform than the field inside the big particle relative to the 
wavelength.
The results from the test samples show that there are significant differences between 
the R/Y  relative scattered intensities from different particles in the suspensions. 
Figure 6.20e shows the R/Y  relative scattered light intensity from a suspension of the 
bacteria E.coli, which has a different size and refractive index from the polystyrene 
spheres. The data support the difference of the RA/" relative scattered light intensities 
from different particle in suspensions. The RJY relative scattered light intensities of 
the test samples were plotted on the same scale in the figure 6.21 to emphasize the 
difference. In addition, the RJY relative scattered light intensities of each particle have 
good reproducibility, which is demonstrated by the error bars in figures 6.20.
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The results in this section demonstrate that the proposed dual wavelength 
multiple angle light scattering system can be used to differentiate particles in 
suspension using the RA^ relative scattered light intensities. This method can be 
further developed as a means of particle identification by combining with pattern 
recognition technique.
6.4 SUMMARY
In this chapter, the effects of the particle refractive index, size, and incident 
wavelength on light scattering were examined and the results used to develop a dual 
wavelength multiple angle light scattering system for particle identification. The 
particle size and refractive index dependent scattering patterns were investigated first. 
Particle size was shown to strongly determine the form of the light scattering. It also 
significantly affected the total scattered intensity and differential intensity for each 
scattering angle and each refractive index. The shapes of the scattering pattern were 
weakly dependent on the refractive index for each particle but the differential intensity 
of each scattering angle was still significant, due to the shifting of the scattering 
patterns. The overall amount of scattered intensity also strongly depended on the 
refractive index.
The wavelength effect was examined using simulations and experimental 
measurements, the results showed that the wavelength had a strong effect on the 
intensity for small particles compared to the wavelength. For particles larger than the 
illuminating wavelength, it showed that wavelength had a weak effect on the total 
intensity, but a strong effect on the differential intensity at each scattering angle. 
Experimental results showed that the scattered light intensities at short wavelength 
(violet light source) from lOOnm and SOOnm particles in suspension had the ability to 
differentiate the particle from the suspension better than using long wavelength (red 
light source). These results support the simulation results, which demonstrated that the 
wavelength has a strong effect on the scattered light intensity when the particles are 
small compared to the wavelength.
From these findings, the dual wavelength multiple-angle light scattering 
system was developed for particle identification. The system collects RA^ relative 
scattered light intensity at multiple angles of scattering to identify scattering patterns.
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The performance of the system was validated with the polystyrenes spheres of size 
0.1, 0.3, 1.1 and 3.0 pm and E.coli suspended in water. The results showed that each 
sample had specific scattering patterns. These results have demonstrated that the dual 
wavelength multiple- angle light scattering system has the potential to be further 
developed as a means of particle selection by combination with a pattern recognition 
technique.
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CHAPTER?
CRYPTOSPORIDIUM DETECTION
7.1 INTRODUCTION
As discussed in Chapter 1, Cryptosporidium is a protozoan parasite which is a 
serious threat to human health due to it is widespread distribution, ability to survive 
for long periods in the environment and is highly resistant to the chlorine disinfectants. 
No effective drug treatment has been described for cryptosporidiosis, with recovery 
being dependent on the patient immune system. Detection methods are time- 
consuming and require an experienced microscopist to use. It is therefore important to 
be able to detect these parasites quickly.
The light scattering technique described in the preceding chapters has attractive 
advantages over the current methods, including being easy to perform; low 
maintenance; non-invasive; high sensitivity; the potential for real-time detection and 
no requirement for an experienced microscopist to identify the organisms. Chapters 4- 
6, describe the light scattering systems and provide data to show that they have 
potential to be used as a method for particle measurement and identification. The 
multiple angle light scattering system with a single wavelength was developed to 
measure the concentration of polystyrene spheres in both mono-disperse and poly- 
disperse suspensions, as described in chapter 4. It also was used to measure the size 
and refractive index of polystyrene latex spheres suspended in water (chapter 5). In 
chapter 6, the combined red and violet wavelength multiple angle light scattering 
system was used for particle identification using relative wavelength multiple angle 
scattering patterns as the particle’s fingerprint.
In this chapter, the light scattering methods are applied to the detection of 
Cryptosporidium oocysts suspended in water, and for initially identifying the presence 
of Cryptosporidium in water sources. The single wavelength multiple-angle light 
scattering technique, with multivariate data analysis technique, was applied to measure
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the concentrations of Cryptosporidium oocysts and polystyrene spheres suspended in 
water. In addition, the technique was used to measure the size and relative refractive 
index of Cryptosporidium oocysts. The dual wavelength multiple-angle light scattering 
system was used to measure the relative wavelength scattering patterns from 
Cryptosporidium oocyst suspensions as a means of Cryptosporidium identification.
7.2. CRYPTOSPORIDIUM CONCENTRATION MEASUREMENT
The results in chapter 4 demonstrated that the scattered light intensity from 
particles in suspension is determined by the concentration of particles in the 
suspension as well as the size and refractive index of the particle. For low 
concentration suspensions (where multiple scattering is not significant), the scattered 
light intensity can be determined by the addition of scattered light intensity by each 
particle. In mono-dispersed suspensions, the scattered light intensity is linearly related 
to concentration, but not for poly-dispersed or mixed suspensions. By a combination 
of the multiple angle light scattering technique, which considers scattered light from 
multiple scattering angles, and the partial least square regression method (PLS-R), the 
proposed system was able to differentially measure the particle concentration in both 
mono-dispersed and poly-dispersed suspensions of polystyrene spheres. In nature 
contaminated water will contain a mixture of Cryptosporidium oocysts and other 
particles, therefore the multiple angle light scattering system was tested by measuring 
the concentration of Cryptosporidium oocysts in a mixed suspension with polystyrene 
spheres.
The concentration measurement system operated by collecting the angle 
dependent scattered light intensities from the calibration samples with known 
concentrations by using the presented multiple angle light scattering system with the 
red laser as presented in section 3.1.2 chapter 3. The data from calibration samples 
were then used to generate a calibration or predictive model using the PLS-R method. 
The concentrations in the test samples were then estimated from scattered intensities 
from the test samples based on the calibration model.
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7.2.1 Cryptosporidium in mono-dispersion
Mono-dispersed suspensions were prepared with Cryptosporidium oocysts 
(Supplied as inactivated oocysts of known concentration by the Creative Science 
Company, UK) in water. To prepare the calibration and test samples, the 
Cryptosporidium oocysts were diluted with de-ionized water using a micropipette. 
Potential clumps of oocysts in the original stock sample were disrupted by holding the 
sample tube in an ultrasonic cleaning bath for approximately one minute. Serial 
dilutions of the stock sample were then prepared in de-ionized water. The desired 
range of particle concentrations in the calibration samples were selected from the 
regression results by the PLS-R method. Oocyst concentrations in the range of 
10"^ -10^  oocysts/ml (Cal C-No.1-14) were used for the particle concentration 
measurement in the mono-dispersed system (table A4 in Appendix). The test samples 
were prepared using the same method as the calibration samples but to a different final 
concentration. The particle concentrations in the test samples (CTl-5) are shown in 
table 7.1.
Table 7.1 Oocyst concentrations in test samples of mono-dispersed suspensions.
Test 
Sample Name
Concentration 
(oocysts /ml)
C T l 2.00 x l0 ‘
CT2 6.67x10'
GT3 1.54x10'
CT4 6.26x10"
CT5 1.54x10"
To generate the calibration model for estimating particle concentration, the 
angle dependent scattered light intensities of the calibration samples were measured 
and plotted as contour graphs (figure 7.1).
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Figure 7.1 Angle dependent scattered light intensities of calibration samples for 
concentration measurement of Cryptosporidium in mono-dispersed suspensions
The calibration results showed that the scattered intensities were highest at 5° for all 
particle concentrations, but they decayed quickly and smoothly in small forward 
scattering angles (5° -  25° ). The results show that the forward scattering was dominant 
to the side and back scattering for Cryptosporidium oocysts in suspension. The 
scattered light intensities from the suspension were proportional to the particle 
concentrations for each scattering angle. This means that the multiple scattering effects 
were not significant when measuring the concentration of Cryptosporidium oocyst 
suspensions in mono-dispersion. These scattered intensities were used to generate a 
predictive model by the PLS-R method. The regression results showed that the 
correlation between reference concentrations and predicted concentrations of the 
calibration samples was 0.9932 as shown in figure 7.2. This correlation confirmed 
that the predictive model can be used to estimate the concentration of the 
Cryptosporidium oocysts in a mono-dispersed system with concentration range of 
10"^ -10^  oocysts/ml.
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Figure 7.2 The result of the regression of the predictive models for Cryptosporidium 
concentration measurement in mono-dispersion.
The scattered light intensities from the individual test samples, which were 
used for predicting the concentration of oocysts in the test sample, are shown in figure
7.3. The results also showed that the scattered light intensities were proportional to the 
particle concentrations. In addition, forward scattering of the light influenced the 
scattered signals more than side and back scattering. The particle concentration results 
predicted from the scattered intensities of the test samples are presented in table 7.2 
and plotted in figure 7.4.
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Figure 7.3 Scattered light intensities of test samples in mono-dispersion.
Table 7.2 Predicted concentration of Cryptosporidium oocysts in mono-dispersed 
suspensions measured by light scattering compared to the reference concentration.
Test 
Sample Name
Cryptosporidium concentration (oocysts /ml)
Reference Predicted Standard deviation % Error
CTl 2.00x10* 1.81x10* 0.22x10* 9.50
CT2 6.67x10’ 7.67x10’ 1.52x10’ 14.99
CT3 1.54x10’ 1.34x10’ 0.71x10’ 12.98
CT4 6.26x10“ 5.14x10“ 1.58x10“ 17.89
CT5 1.54x10“ 1.83x10“ 0.32x10“ 18.83
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Figure 7.4 Concentration measurement results for test samples of Cryptosporidium 
in mono-dispersed suspension.
The results in table 7.2 and Figure 7.4 show that the predicted concentrations of 
oocysts correlate well with the reference values, and that the uncertainty ranges of the 
measurements covered the reference values. The results also showed that the lowest 
and the highest percentages of the errors of predicted values from the reference values 
occurred at the highest and the lowest concentration of Cryptosporidium oocyst, 
respectively. These results agreed with the regression results of the calibration samples 
presented in figure 7.2. At the low concentration (10^ oocysts/ml), the scattered light 
intensities were low due to the sensitivity of the detector. This caused a discrepancy 
between the predicted results and the reference values at low concentration which 
affected the reliability of the readings. However, the predicted results of the test 
samples showed that the proposed technique can be applied to measure the 
concentration of the Cryptosporidium oocysts suspended in water. This experimental 
set up is therefore suitable for the measurement of Cryptosporidium oocysts in
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suspension at concentrations greater than 10"^  oocysts/ml. This measured 
concentration is still higher than the affecting dose and concentration of 
Cryptosporidium oocysts found in the natural water sources (up to 0.3 oocysts/1). 
Therefore this set up can be practical if combined with a concentrating system.
7.2.2 Mixed suspension of Cryptosporidium and polystyrene spheres
The mixed suspensions of Cryptosporidium oocysts and polystyrene spheres 
were prepared from individual suspensions as described for mono-dispersed 
suspensions. The calibration samples (Cal CLB-No.1-26) were mixed solutions of 
Cryptosporidium oocysts suspension with concentration range of to"* -10^ oocysts/ml 
and suspensions of 3.0 pm polystyrenes spheres (LB30) with concentration ranges of 
10"^  -10^ particles/ml as presented in table A5 in the Appendix. The test samples were 
produced using the same method and the same suspensions as the calibration samples, 
but different final coneentrations. The particle concentrations of the test samples 
(CLBTl-6) are presented in table 7.3.
Table 7.3 Concentrations of the test samples for the poly-dispersed system
Test 
Sample Name
Cryptosporidium 
oocyst concentration 
(particle /ml)
LB30 particle 
concentration 
(particle /ml)
CLBTl 1.00x10* 5.00x10*
CLBT2 7.50x10* 2.50x10*
CLBT3 5.00x10* 7.50x10*
CLBT4 2.50x10* 1.00x10*
CLBT5 1.00x10* 7.50x10“
CLBT6 7.50x10“ 7.50x10“
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The angle dependent scattered light intensities of the calibration samples were 
collected to generate the predictive model, as presented in figure 7.5. In contrast to the 
results from the mono-dispersed system, the scattered light intensities at each angle 
were not proportional to the particle concentrations. The measurements show that a 
ripple occurred as a result of large particle size compared to the scattering wavelength. 
The forward scattering still dominates the other scattering angles.
The predictive models were created from the calibration samples using the 
PLS-R method. Figure 7.6 shows the regression results as a plot of predicted and 
reference concentrations for the calibration samples. The correlation between 
predicted and reference concentration of the calibration samples was better at high 
concentration than at low concentration. This was a consequence of the sensitivity of 
the detector used to collect the scattered intensities. However, the overall correlation 
between predicted and reference concentrations of the calibration samples was good, 
and could be used for the predictive model. The correlation between predicted and 
reference concentrations of the calibration samples were 0.9829 for Cryptosporidium 
and 0.9907 for polystyrene spheres in mixed solution. These confirmed that the 
generated predictive model can be used to predict particle concentration for the 
mixture of Cryptosporidium oocyst and polystyrene suspensions.
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Figure 7.5 Angle dependent scattered intensities of calibration samples for mixed 
solutions of Cryptosporidium and polystyrenes for (a) Cryptosporidium and (b) 
Polystyrene spheres (LB30).
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LB30 in mixed suspension.
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Using the predictive model, the concentrations of the Cryptosporidium oocysts 
and LB30 in mixed suspensions of the test samples (CLBTl-6) could be estimated 
from the scattered light intensities. The scattered intensities of the test samples for 
mixed suspensions are presented in figure 7.7. The scattered intensities were not 
linearly proportional to the particle concentration in the suspension at each scattering 
angle. Therefore, the concentrations of the Cryptosporidium oocysts and the LB30 
spheres could not be predicted directly by the linear regression method. Using the 
PLS-R method, the particle concentration of Cryptosporidium oocysts and LB30 
spheres in the test suspensions can be predicted from multiple angle scattered 
intensities. The results are shown in table 7.4 and figure 7.8.
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Figure 7.7 Angle dependent scattered intensities of test samples for mixed solutions 
of Cryptosporidium and polystyrenes.
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Table 7.4 Concentrations prediction result of the test samples of mixed solutions of 
Cryptosporidium and polystyrene spheres.
Test
Sample
Name
Cryptosporidium oocyst concentration 
(particle /ml)
LB30 particle concentration 
(particle /ml)
Reference Predicted Standard
deviation
%Error Reference Predicted Standard
deviation
%Error
CLBTl 1.00x10* 0.95x10* 0.84x10* 5.00 5.00x10* 5.19x10* 0.57x10* 3.80
CLBT2 7.50x10* 7.23x10* 1.05x10* 3.60 2.50x10* 1.95x10* 0.71x10* 22.00
CLBT3 5.00x10* 4.93x10* 0.89x10* 1.40 7.50x10* 6.87x10* 0.61x10* 8.40
CLBT4 2.50x10* 3.76x10* 1.00x10* 5.04 1.00x10* 1.05x10* 0.07x10* 5.00
CLBT5 1.00x10* 0.75x10* 0.37x10* 25.00 7.50x10* 6.59x10* 2.50x10* 12.13
CLBT6 7.50x10* 4.60x10* 3.44x10* 38.67 7.50x10* 6.60x10* 2.33x10* 12.00
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Figure 7.8 Concentration measurement results of the test samples of mixed suspensions 
of Cryptosporidium and polystyrene spheres.
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The concentration measurement results of Cryptosporidium oocysts and LB30 
spheres in mixed suspensions (figure7.8) show good agreement between the predicted 
and the reference values. The best correlation occurred at high particle concentrations 
rather than at low concentrations, which is the same result as the mono-dispersed 
suspension. It was found that the errors of predicted concentration from the reference 
values increased when the particle concentration decreased, as a result of the detector 
not measuring the low scattered signals from the low particle concentrations. 
However, the predicted results showed that this technique can be used to make 
differential measurements of particle concentrations in the mixed particle suspensions.
In this section, scattered intensities from the multiple-angle light scattering 
system together with the PLS-R method was used for the differential measurement of 
particle concentrations in mono-dispersed and mixed suspensions. The predicted 
results clearly demonstrated that the proposed technique can be used to differentially 
measure particle concentrations in suspension. The results predicted from the high 
particle concentration were more accurate than the results from the low particle 
concentrations. To improve the accuracy of measurement at low particle 
concentrations, a higher sensitivity detector such as a photomultiplier tube (PMT) or 
more compact Avalanche photodiode (APD) should be employed.
The system that has been developed here will measure Cryptosporidium 
oocysts in suspension at concentrations greater than 10"^  oocysts/ml; however, the 
concentration of Cryptosporidium oocysts in surface water is normally very low. Haas 
and Rose proposed that the concentration in 100 litres of water could be between 10 to 
30 oocysts [140]. Therefore, in order to make the system practical, a concentration 
step will have to be included to increase the number of oocysts to the level that can be 
detected by the light-scattering device. Routine methods for the concentration of large 
volumes of water include filtration or flocculation, followed by further concentration 
by centrifugation. To work effectively with the detection system, the concentration 
method should process at least 10  ^litres of water to get a measurable concentration of 
oocysts. Concentration methods of this type and using this volume of water are used 
routinely by the water industry in the UK.
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7.3 CRYPTOSPORIDIUM’S SIZE AND REFRACTIVE INDEX 
MEASUREMENT
As demonstrated in chapter 2, the scattered light intensity depends on the 
properties of the scattering particle. In particular, the size and refractive index of the 
particle are fundamental physical and optical properties used to classify 
microorganisms [141]. The multiple angle light scattering system was used to measure 
the size and refractive index of the polystyrene spheres suspended in water as 
presented in chapter 5. The technique was used to predict the size and refractive index 
of the particle from the scattered intensity of the investigated sample suspension using 
the PLS-R method derived from the Mie theory with refraction and transmission 
corrections. In this section, the system was applied to the identification of 
Cryptosporidium oocysts by measuring their size and relative refractive index. The test 
samples were prepared from Cryptosporidium oocysts suspended in de-ionized water. 
In order to avoid multiple scattering effects in the suspensions, which could be 
significant if the suspension is in high concentration, the test samples were prepared at 
not too high concentration and not too low such that the detector cannot detect the 
scattered signals. The concentrations of oocysts in the test samples are presented in 
table 7.5. The measured transmittance of the test samples are shown in figure 7.9. The 
transmittance of each test sample was higher than 0.95, which indicated that the 
multiple scattering effect was not significant. The reference size of Cryptosporidium 
oocyst used in this experiment was measured directly by scanning electron microscopy 
(SEM)(figure 7.10).
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Table 7.5 Concentration of the test samples for Cryptosporidium’s size and refractive 
index measurement
Test Cryptosporidium oocyst
Sample Name concentration
(oocysts /ml)
CT-N o.l 8.00x10*
C T -N o.2 5.00x10*
C T-N o.3 2.00x10*
C T -N o.4 8.00x10*
E(/)c
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Figure 7.9 Transmittance coefficients of the Cryptosporidium oocysts aqueous 
suspensions.
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Figure 7.10 Cryptosporidium oocyst images taken by (left) optical microscope 
using phase contrast illumination and (right) scanning electron microscope.
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Figure 7.11 Size distributions of Cryptosporidium oocysts measured by SEM.
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The sizes of Cryptosporidium oocyst were measured based on 20 values from different 
oocysts. The measured size distribution is showed in figure 7.11. The particle size 
from the size distribution which was 4.38 ± 0.23 pm was used as a reference value for 
Cryptosporidium oocyst size measurement.
The normalized scattered light intensities of the test samples were measured 
and compared to Mie theory, with corrections. Figures 7.12-7.15 show the correlation 
between the experimental and the theoretical data. The correlations between the 
experimental and theoretical normalized scattered intensities were 0.9942, 0.9944, 
0.9966 and 0.9793, respectively. The size of the Cryptosporidium oocyst was estimated 
using the PLS-R method and calibration models generated from the Mie theory 
(figures 5.9-5.17). For the refractive index measurement of the Cryptosporidium 
oocysts, the normalized scattered light intensities were predicted from the calibration 
models which were composed from the calibration data at constant measured 
Cryptosporidium oocyst size.
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Figure 7.12 Normalized scattered light intensity from Cryptosporidium oocysts 
concentration of 8.00x10^ ooeysts/ml compare to scattered data from Mie theory 
with corrections.
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Figure 7.13 Normalized scattered light intensity from Cryptosporidium oocysts 
concentration of 5.00x10^ oocysts/ml compare to scattered data from Mie theory 
with corrections.
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Figure 7.14 Normalized scattered light intensity from Cryptosporidium oocysts 
concentration of 2.00x10^ oocysts/ml compare to scattered data from Mie theory 
with corrections.
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Figure 7.15 Normalized scattered light intensity from Cryptosporidium oocysts 
concentration of 8.00x10^ oocysts/ml compare to scattered data from Mie theory 
with corrections.
Table 7.6 Prediction results of Cryptosporidium oocyst’s size measurement.
Test Cryptosporidium oocyst’s size
Sample Name
Predicted STD
CT-N o.l 4.38 0.16
C T -N o.2 4.46 0.13
C T-N o.3 4.41 0.10
C T -N o.4 4.67 0.14
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Figure 7.16 Prediction results of size of the Cryptosporidium oocyst compared to 
reference value from SEM.
The size estimates of Cryptosporidium oocysts are presented in table 7.6 and 
figure 7.16. The estimated size of the Cryptosporidium oocysts showed good 
agreement to the reference size from SEM. The predicted sizes of the Cryptosporidium 
oocysts were 4.38 + 0.16, 4.46 + 0.13 , 4.41 + 0.10 and 4.67 + 0.14 while the size 
measured by SEM was 4.38 ±0.23 pm. The percentage errors of the predicted sizes 
from the reference size were 0.23%, 1.83%, 0.68% and 6.62%, respectively. The best 
and the lowest accuracy of predicted results were found at the highest and lowest 
concentrations of the test samples, respectively.
To predict the refractive index of Cryptosporidium oocysts, the calibration 
models were considered based on the predicted sizes of the Cryptosporidium oocysts. 
The calibration models for refractive index measurements were generated from Mie 
theory with corrections for particle size of 4.40, 4.45, and 4.65pm. The graphs of 
calibration data for refractive index measurement and their regression results by PLS- 
R are shown in figures 7.17-7.19.
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Figure 7.17 Calibration data of particle size of 4.40 (a) Relative graph of scattering 
angle, refractive index and angle dependent scattered intensities, (b) Regression result 
of the calibration model.
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Figure 7.18 Calibration data of particle size of 4.45 (a) Relative graph of scattering 
angle, refractive index and angle dependent scattered intensities, (b) Regression result 
of the calibration model.
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Figure 7.19 Calibration data of particle size of 4.65 (a) Relative graph of scattering 
angle, refractive index and angle dependent scattered intensities, (b) Regression result 
of the calibration model.
Figures 7.17-7.19 show the scattered light intensities from the particles in size of 4.40, 
4.45, and 4.65pm, respectively, with refractive indices of 1.30-1.70 suspended in 
water. The scattered light intensities at the small forward scattering angle (less 
than 10°) for particles with refractive indices of less than 1.40 dominated over other 
scattering angles. The scattered intensities show the ripples of the patterns when the 
refractive indices were greater than 1.40. These scattered light intensities were used to 
generate the models for predicting the refractive index of Cryptosporidium oocysts . 
The regression results of the prediction models showed that the correlation between 
the predicted and reference values of the refractive indices were between 0.9866 and
0.9992. These values indicate good agreement between the predicted and reference 
values of the calibration samples. Therefore it can be confirmed that the generated 
models were suitable to use as predictive models for refractive index measurement for 
particles of size 4.40, 4.45, and 4.65pm. The scattered signals and the models were 
used to estimate the refractive index of Cryptosporidium oocysts. The results are 
shown in table 7.7. The predicted refractive indices are plotted against the reference 
value (1.37) [142-143] in figure 7.20.
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Table 7.7 Prediction results of Cryptosporidium oocyst’s refractive index 
measurement.
Test 
Sample Name
Cryptosporidium oocyst’s refractive index
Predicted STD
CT-N o.l 1J8 0.05
C T -N o.2 1.42 0.08
CT-N o.3 1J9 0.08
C T -N o.4 1.45 0.08
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Figure 7.20 Prediction results of refractive index of the test sample Cryptosporidium 
oocyst compared to reference value.
Figure 7.20 shows the predicted refractive indices of the Cryptosporidium 
oocysts suspended in water against the reference values. The percentage errors o f the 
refractive index measurement of the Cryptosporidium oocysts were 0.66%, 3.65%, 
1.68% and 5.77% for test samples at concentration of 8xlO%5xlO^, 2x10^ and
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8x10^ oocysts/ml, respectively. At the highest particle concentration of the test 
samples showed the best correlation to the reference value whilst the lowest particle 
concentration showed the lowest accuracy of the predicted refractive index. These 
results show the same pattern of accuracy as the size measurements. The results of 
these measurements proved that the presented method has potential to be developed 
for identifying the Cryptosporidium oocysts suspended in the water based on their size 
and refractive index. However, the presented method can measure particle 
concentration in the range between 10"^  oocysts/ml where the detector can be sensitive 
and 10  ^ oocysts/ml where the single scattering is still significant.
7.4 DUAL WAVELENGTH MULTI-ANGLE LIGHT SCATTERING FOR 
CRYPTOSPORIDIUM DETECTION
The experiments described in chapter 6 showed that light scattering is 
determined by particle properties, illuminating wavelength, and also the scattering 
angle. Therefore, these properties were used to develop a system to collect scattering 
patterns as a means of particle identification. A dual wavelength multiple angle light 
scattering system was set up for particle identification based on their scattering 
patterns. The system collects relative scattered light intensities fiom particles in 
suspension, of red to violet wavelengths (RA^) in multiple-scattering angles in the 
range 5° -6 5 ° . The scattered light intensities were used as a fingerprint for particle 
identification. The presented system was tested with aqueous suspensions of 
polystyrenes latex spheres of 0.1 pm (LBl), 0.3 pm (LB3), 1.1 pm (LB 11) and 3.0 pm 
(LB30), and the bacterium E.coli. The results showed that each sample had a certain 
relative scattering pattern that was significantly different from the others. In this 
chapter the dual wavelength multiple-angle light scattering system was used to 
identify Cryptosporidium oocysts suspended in water. The measurement results with 
the reproducibility shown as error bars are presented in figure 7.21. The relative 
wavelength scattered intensities of the Cryptosporidium oocysts was plotted against the 
relative wavelength scattered intensities of polystyrene spheres of 0.1 pm (LBl), 0.3 
pm (LB3), 1.1 pm (LBll) and 3.0 pm (LB30), and the bacterium E.coli. ( figure 
7J2^
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Figure 7.21 The relative wavelength scattered intensities of red to violet 
wavelength of Cryptosporidium oocysts suspension.
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Figure 7.22 Comparison of RA^  relative wavelength scattered intensity of 
Cryptosporidium to polystyrene spheres in size of 0.1, 0.3, 1.1 and 3.0 pm and 
E.coli.
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The results showed that Cryptosporidium oocysts in aqueous suspension have a 
unique pattern of relative wavelength scattered intensity. The size of the error bars 
showed the reproducibility and reliability o f the scattered pattern. The results showed 
ripples in the scattered pattern due to the complexity from the particle size compared 
to the scattering wavelengths. The comparison of the relative wavelength scattered 
intensities o f the Cryptosporidium oocysts to polystyrene spheres and bacterium E.coli 
showed that there were significant differences in the relative wavelength of scattered 
patterns from each of the particles. Therefore, the proposed dual wavelength multiple 
angle light scattering system, which uses the advantage o f scattering as a function of 
scattering angle, wavelength and polarization of the light and the properties of the 
particles, can be used to initially differentially identify the Cryptosporidium oocysts or 
other particles in suspension.
7.5 SUMMARY
The multiple-angle light scattering system, with both single and dual 
wavelength, was used to initially detect Cryptosporidium oocysts suspended in water. 
The single wavelength multiple-angle light scattering technique with multivariate data 
analysis technique was initially applied for size and relative refractive index 
measurement, and concentration measurement of Cryptosporidium oocysts in 
suspension in both mono-dispersion and mixed with polystyrenes latex spheres. The 
concentration measurements of Cryptosporidium oocysts in mono-dispersed 
suspension and mixed with polystyrene spheres showed good agreement between the 
predicted and the reference values. The results clearly demonstrated that the proposed 
technique can be used successfully to differentially measure Cryptosporidium oocyst 
concentrations in the aqueous suspension. The measurement of the size and refractive 
index of Cryptosporidium oocysts also proved that the method has potential to identify 
the Cryptosporidium oocysts suspended in the water. Additionally, the dual wavelength 
multiple-angle light scattering system was used to identify the presence of 
Cryptosporidium oocysts in water. It uses the R/V relative scattered light intensity in 
multiple scattering angles to identify the scattering pattern. The results showed that the 
Cryptosporidium oocyst had a certain scattering pattern that was significantly different
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from the pattern created by polystyrene spheres and E.coli. These results proved that 
the proposed dual wavelength multiple angle light scattering system has the potential 
to be further developed for online Cryptosporidium detection in combination with a 
pattern recognition technique.
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CHAPTER 8
CONCLUSIONS
8.1 SUMMARY
Multiple-angle light scattering systems were developed to detect 
Cryptosporidium oocysts suspended in water in this research. The system was set up 
with a 658.4 nm wavelength light source for measuring particle concentration, particle 
size, and refractive index. A second system was set up with two light sources with 
different wavelengths (658.4 nm and 405.7 nm wavelengths) for particle identification 
using relative wavelength scattered intensity as a means of identifying the oocysts.
Chapter 4 presents the results of the particle concentration measurements 
using multiple-angle light scattering. A calibration model was generated first using 
suspensions with known concentrations of particles and the PLS-R method. The data 
from the calibration model was then used to estimate the particle concentration in an 
unknown sample. The system was validated by measuring the concentration of 
polystyrene latex spheres in mono-disperse (1.1 pm (LBll) and 3.0 pm (LB30) 
spheres) and poly-disperse (mixed suspensions of 1.1 pm and 3.0 pm polystyrene 
spheres) aqueous suspensions. The experimental results showed good agreement 
between the predicted results and reference values. The lowest errors from the 
reference values for L B ll and LB30 suspensions were 2.4% for a concentration of 
1.31x10^ particles/ml and 1.5% for a concentration of 1.15x10^particles/ml in mono­
dispersion. In poly-disperse suspensions the lowest errors were 2.3% for a 
concentration of 1.12x10^ particles/ml and 3.5% for a concentration of 
4.56x10^particles/ml. These results confirmed that the proposed system can be used 
as a method for the differential measurement of particle concentrations in both mono­
dispersed and poly-dispersed suspension, and also in high concentration suspensions 
where the multiple scattering is significant. This capability for differential 
concentration measurement of particles in suspension can be applied to the 
measurement of microorganisms in the presence of other particles.
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Chapter 5 describes the use of a single wavelength multiple-angle light 
scattering system to measure particle size and refractive index. The proposed 
technique used normalized scattered angle dependent light measurements, together 
with calibration models generated from the theory via the PLS-R method, to estimate 
the size and refractive index of particles in suspension. Mie theory, with corrections 
via SnelTs law and Fresnel transmission, was used to generate calibration data. The 
system was tested with polystyrene spheres of nominal size 1.1 pm and 3.0 pm 
suspended in de-ionised water at different concentrations. The measurement results of 
the particle size showed good agreement between measured particle size by the 
proposed system and SEM (as reference values). The results measured by the 
proposed system and SEM (in brackets) were 0.94±0.17,1.01 ±0.16, 1.09±0.17 
and 1.06 ±0.15 pm (1.11 ±0.13 pm) for the 1.10 pm particle, and 3.29 ±0.37, 
3.11 ±0.40, 2.71 ±0.38and 2.82±0.30pm (3.08 ± 0.16pm) for the 3.00 pm particle. 
The measured refractive index was in good agreement with the reference value (1.59). 
The results measured by the proposed system were 1.43 ±0.37, 
1.53±0.17,1.64±0.48, and 1.59±0.39 for the 1.10 pm particles, and 1.60±0.34, 
1.50 ± 0.28, 1.67 ± 0.35, and 1.49 ± 0.35 for the 3.00 pm particles. These results show 
that the lowest errors of predicted results from the reference values were within 3% for 
the measurement of particle size of 1.1 and 3.0 pm and lower than 4% for the 
measurement of the refractive index of particles in aqueous suspension. By contrast, 
the accuracy of the measurements was poor at low particle concentrations due to the 
photo-detectors not being sensitive enough for the low scattered light signals. 
However, the presented system can be used to measure particle size and refractive 
index in suspension. This method can be applied to identify particles in suspension 
based on their size and refractive index. It might also be applied to many industries 
such as pharmaceutical, ceramics, and the food and beverage industries.
In Chapter 6, a dual-wavelength multi-angle light scattering system using 
diode lasers with wavelengths of 658.4 nm (red light) and 405.7 nm (violet light) is 
described. The system was designed to collect relative wavelength multiple-angle 
scattered light patterns for particle identification. The effects of particle size, refractive 
index, and illuminating wavelength on the scattering pattern were investigated.
Chapter 8 Conclusions 160
Particle size had a strong effect on the scattering curve. Furthermore, the effect of the 
particle size showed a good correlation with total scattered intensity, and differential 
intensity, for each scattering angle for each refractive index. The refractive index had a 
strong effect on the total scattering, but only weakly determined the shape of scattering 
patterns. However, the effects of refractive index on the differential intensity for each 
scattering angle were still significant due to the shifting of the scattering patterns. The 
investigation of wavelength effects by simulation and experiment showed that 
wavelength had a strong effect on the scattered light intensity in the presence of small 
particles; whereas, in the presence of larger particles wavelength had a weak effect on 
the total intensity, but strong effect on the scattering pattern and the differential 
intensity at each scattering angle. The pattern of relative wavelength (red/violet) 
scattered light intensities, which is a function of the properties of a particle, the 
illuminating light and the scattering angle, were collected as a means of particle 
identification. Testing with the polystyrene spheres of 0.1, 0.3, 1.1 and 3.0 pm, and the 
bacterium E.coli suspended in water showed that each sample had a certain scattering 
signature. These results demonstrated that the proposed dual wavelength multiple 
angle light scattering system has the potential to be developed as a means of particle 
selection.
The multiple angle light scattering systems with both single and dual 
wavelengths were applied tested for the detection of Cryptosporidium oocysts 
suspended in water (Chapter 7). The single wavelength multiple-angle light scattering 
technique with multivariate data analysis was used for size and relative refractive 
index measurement and for the concentration measurement of Cryptosporidium 
oocysts in both mono-disperse and mixed polystyrenes latex sphere suspensions. The 
concentration measurement results of Cryptosporidium oocyst in mono-dispersed 
mixed suspensions showed good agreement between the predicted and the reference 
values. The results clearly demonstrated that the proposed technique can be 
successfully used to differentially measure Cryptosporidium oocyst concentrations in 
suspension. The measurement also proved that the method has the potential to identify 
the Cryptosporidium oocysts suspended in water based on their size and refractive 
index. The relative wavelength scattered light intensity in multiple scattering angles 
from Cryptosporidium oocysts collected by the dual wavelength multiple angle light
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scattering system showed a certain scattering pattern and significantly different 
pattern from the polystyrene spheres and E.coli. These results proved that the proposed 
dual wavelength multiple angle light scattering system, in combination with a pattern 
recognition technique, has the potential to be further developed for online 
Cryptosporidium detection.
8.2 SUGGESTIONS FOR FUTURE WORK
Although, the proposed multiple angle light scattering systems have shown 
promising performance, there are still some system features which need to be modified 
for even better performance and increased capability. These are suggested as follows:
(i) At low particle concentrations (lower than range of 10  ^ particles/ml for 
L B ll, 10"^  particles/ml for LB30 and 10"^  oocysts/ml for Cryptosporidium 
oocyst) the measurement system was inaccurate due to the scattered 
signals being too low to predict signals. To improve the system, the 
detection system should be developed. An avalanche photodiode (APD) 
could be used as the detector instead of Si photodiode, which was used in 
this research. An APD is a highly sensitive semiconductor electronic 
device that exploits the photoelectric effect to convert light to electricity. 
This can achieve an operating gain of more than one thousand. 
Photomultiplier tubes (photomultipliers or PMTs) could also be used as 
detectors to improve the system. PMTs are extremely sensitive detectors 
which can multiply the current produced by incident light by as much as 
100 million times. In addition in low photon flux, the APD and PMTs 
yield a higher signal noise ratio (SNR) than the photodiode by more than 
10 times.
(ii) As the concentration of Cryptosporidium oocysts found in the natural 
water sources are lower than the concentration that the proposed system 
can measure, a pre-concentration system should be added to the 
measurement system.
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(iii) To develop the proposed system to detect other microorganisms of 
different size and refractive index, the expansion of the scattering theory 
to the irregular shape of the particle should be considered for simulating 
the calibration data.
(iv) In order to develop the system for online particle detection, a flow­
through system for the sample cell should be added. The flow rate must 
be determined to be suitable for the detector sensitivity. The detector 
array should be used for simultaneous detection. The technique of 
pattern recognition should also be added to the system to identify 
particles in real-time using the relative wavelength scattered intensity.
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APPENDIX
EXPERIMENTAL CALIBRATION DATA
Table A1 Concentrations of the calibration samples of 1.1 pm polystyrenes beads 
suspension in mono-dispersed system.
Calibration 
Sample Name
L B ll particle 
concentration 
(particle /ml)
Calibration 
Sample Name
LB ll particle 
concentration 
(particle /ml)
C alL B ll-N o .l 1.51x10’ C alL B ll-N o .l2 4.52x10’
C alL B ll-N o.2 7.55x10* C alL B ll-N o.l3 3.02x10’
CalLB ll-N o.3 4.53x10* C alL B ll-N o .l4 1.51x10’
C alL B ll-N o.4 3.02x10* C alL B ll-N o.l5 1.36x10’
C alLB ll-N o.5 1.51x10* C alL B ll-N o .l6 1.21x10’
C alLB ll-N o.6 1.36x10* C alL B ll-N o .l7 1.00x10’
C alLB ll-N o.7 1.21x10* C alL B ll-N o .l8 9.06x10"
C alLB ll-N o.8 1.06x10* C alL B ll-N o .l9 7.55x10"
C alLB ll-N o.9 9.06x10’ CalLBll-N o.20 6.04x10"
C alLBll-N o.lO 7.55x10’ CalLBll-N o.21 4.53x10"
C a lL B ll-N o .ll 6.04x10’ CalLBll-N o.22 3.02x10"
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Table A2 Concentrations of the calibration samples of 3.0 pm polystyrenes beads 
suspension in mono-dispersed system
Calibration 
Sample Name
LB30 particle 
concentration 
(particle /ml)
Calibration 
Sample Name
LB30 particle 
concentration 
(particle /ml)
CalLB30-No.l 1.35x10’ CalLB30-No.l5 6.77x10"
Cal LB30- No.2 1.22x10’ CalLB30-No.l6 5.42x10"
CalLB30-No.3 1.08x10’ CalLB30-No.l7 4.06x10"
CalLB30-No.4 9.48x10" CaILB30-No.l8 2.70x10"
Cal LB30- No.5 8.12x10" CalLB30-No.l9 1.35x10"
Cal LB30- No.6 6.77x10" CalLB30-No.20 1.22x10"
Cal LB30- No.7 5.42x10" CalLB30-No.21 1.83x10"
CalLB30-No.8 4.06x10" CalLB30-No.22 9.48x10"
CalLB30-No.9 2.71x10" Cal LB30- No.23 8.12x10"
CalLB30-No.l0 1.35x10" CalLB30-No.24 6.77x10"
CalLB30-N o.ll 1.21x10" Cal LB30- No.25 5.42x10"
CalLB30-No.l2 1.08x10" Cal LB30-No.26 4.06x10"
CalLB30-No.l3 9.47x10" CalLB30-No.27 2.71x10"
CalLB30-No.l4 8.12x10"
Appendix 178
Table A3 Concentrations of the calibration samples for poly-dispersed system
Calibration Sample 
Name
LB 11 particle 
concentration 
(particle /ml)
LB30 particle 
concentration 
(particle /ml)
Cal Mixed LB No. 1 1.51x10’ 0
Cal Mixed LB No.2 1.36x10’ 6.7x10*
Cal Mixed LB No.3 1.21x10’ 1.35x10*
Cal Mixed LB No.4 1.06x10’ 2.03x10*
Cal Mixed LB No.5 9.06 xlO'^ 2.71x10*
Cal Mixed LB No.6 9.55x10* 3.39x10*
Cal Mixed LB No.7 6.04x10* 4.06x10*
Cal Mixed LB No.8 4.53x10* 4.74x10*
Cal Mixed LB No.9 3.02x10* 5.42x10*
Cal Mixed LB No. 10 1.51x10* 6.09x10*
Cal Mixed LB No. 11 0 6.77x10*
Cal Mixed LB No. 12 1.11x10* 1.23x10“
Cal Mixed LB No. 13 1.09x10* 2.26x10“
Cal Mixed LB No. 14 1.08x10* 3.39x10“
Cal Mixed LB No. 15 1.06x10* 4.51x10“
Cal Mixed LB No. 16 1.04x10* 5.64x10“
Cal Mixed LB No. 17 3.71x10’ 1.23x10“
Cal Mixed LB No. 18 3.65x10’ 2.26x10“
Cal Mixed LB No. 19 3.58x10’ 3.39x10“
Cal Mixed LB No.20 3.52x10’ 4.51x10“
Cal Mixed LB No.21 3.46x10’ 5.64x10“
Cal Mixed LB No.22 1.48x10’ 1.23x10“
Cal Mixed LB No.23 1.46x10’ 2.26x10“
Cal Mixed LB No.24 1.43x10’ 3.39x10“
Cal Mixed LB No.25 1.41x10’ 4.51x10“
Cal Mixed LB No.26 1.38x10’ 5.64x10“
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Table A4 Concentration of the calibration samples for Cryptosporidium oocysts in 
mono-dispersion
Calibration 
Sample Name
Cryptosporidium oocyst 
concentration 
(oocysts /ml)
C a lC -N o .l 5.00x10*
Cal C -N o .2 2.50x10*
Cal C -N o.3 1.43x10*
Cal C -N o .4 1.00x10*
Cal C -N o.5 8.00x10*
Cal C -N o .6 5.00x10*
Cal C -N o .7 4.00x10*
C alC -N o.8 2.00x10*
Cal C -N o .9 1.00x10*
C alC -N o.lO 8.00x10“
C a lC -N o .ll 5.00x10“
C a lC -N o .l2 4.00x10“
C alC -N o .l3 2.00x10“
C a lC -N o .l4 1.00x10“
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Table A5 Concentrations of the calibration samples for poly-dispersed system
Calibration Sample 
Name
Cryptosporidium 
oocyst concentration 
(particle /ml)
LB30 particle 
concentration 
(particle /ml)
Cal CLB-No.l 1.00x10* 1.00x10*
CalCLB-No.2 1.00x10* 7.50x10*
Cal CLB-No.3 1.00x10* 2.50x10*
Cal CLB-No.4 7.50x10* 1.00x10*
Cal CLB-No.5 7.50x10* 7.50x10*
Cal CLB-No.6 7.50x10* 5.00x10*
Cal CLB-No.7 5.00x10* 1.00x10*
Cal CLB-No.8 5.00x10* 5.00x10*
Cal CLB-No.9 5.00x10* 2.50x10*
Cal CLB-No.lO 2.50x10* 7.50x10*
CalCLB-No.ll 2.50x10* 5.00x10*
Cal CLB-No.12 2.50x10* 2.50x10*
Cal CLB-No.l3 1.00x10* 1.00x10*
Cal CLB-No.14 1.00x10* 5.00x10“
Cal CLB-No.l5 1.00x10* 2.50x10“
Cal CLB-No.l6 7.50x10“ 1.00x10*
Cal CLB-No.17 7.50x10“ 5.00x10“
Cal CLB-No.l8 7.50x10“ 2.50x10“
Cal CLB-No.l9 5.00x10“ 1.00x10*
Cal CLB-No.20 5.00x10“ 7.50x10“
Cal CLB-No.21 5.00x10“ 5.00x10“
Cal CLB-No.22 5.00x10“ 2.50x10“
Cal CLB-No.23 2.50x10“ 1.00x10*
Cal CLB-No.24 2.50x10“ 7.50x10“
Cal CLB-No.25 2.50x10“ 5.00x10“
Cal CLB-No.26 2.50x10“ 2.50x10“
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